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The ion-exchange r e a c t i o n s  o f  r ad ionuc l ides  with s o i l  minera l s  
and t h e  e f f e c t s  of var ious  water-soluble  o rgan ic  compounds on t h e  r eac -  
t i o n s  were i n v e s t i g a t e d ,  
Various t h e o r i e s  concerned wi th  ion-exchange r e a c t i o n s  were 
examined f o r  t h e i r  p r a c t i c a b i 1 i . t ~  i n  p r e d i c t i n g  t h e  equi l ib r ium d i s t r i b u -  
t i o n  o f  r ad ionuc l ides  i n  a s o i l  environment, The e f f e c t s  o f  var ious  
water-soluble  o rgan ic  compounds on t h e  ion-exchange r e a c t i o n s  of  a  r ad io -  
' n u c l i d e  with s o i l  minera l s  (Mis s i s s ipp i  montmori l loni te  and F i t h i a n  
I l l i t e )  were s tud i ed  us ing  organic  compounds s e l e c t e d  from t h e  groups 
which a r e  known t o  be p re sen t  i n  t h e  n a t u r a l  environment and i n  c e r t a i n  
wastes  discharged from nuc l ea r  f a c i l i t i e s ,  The o rgan ic  compounds inc lude  
those  which i n t e r a c t  with meta l  i ons  (bo th  t h e  r ad ionuc l ides  and t h e  com- 
pe t ing  counter  ions9 and o t h e r s  which may i n t e r a c t  with s o i l  p a r t i c l e  
surfaces, The e f f e c t s  of t h e  i n t e r a c t i o n s  of  o rgan ic  compounds with 
counter  i o n s  were examined using c h e l a t i n g  agen t s ,  c i t r a t e ,  t a r t r a t e ,  and 
EDXA, Seve ra l  s o i l - s o r p t i v e  o rgan ic  compounds (methylamine, dodecylamine, 
mathyiene b lue ,  and a r g i n i n e l  were used t o  determine t h e  e f f e c t s  of 
organic  adso rp t ion  on t h e  ion-exchange p r o p e r t i e s  o f  s o i l  minera l s ,  O r -  
ganic compounds e x t r a c t e d  from ground water  and s u r f a c e  s o i l s  were a l s o  
used t o  i n v e s t i g a t e  t h e  e f f e c t s  of t h e s e  e x t r a c t s  and t o  compare t h e  
results with those  of t h e  puPe organic  compounds used, 
Experimental r e s u l t s  i n d i c a t e  t h a t  t h e  mass-action law can be 
app l i ed  t o  desc r ibe  ion-exchange e q u i l i b r i a  i n  most systems except those  
involv ing  hydrogen ions ,  D i f f i c u l t i e s  of applying t h e o r i e s  f o r  a system 
involv ing  hydrogen ions  r e s u l t e d  from t h e  f a c t  t h a t  t h e  ion-exchange 
s i t e s  of t h e  c l a y  minera l s  cons i s t ed  of d i f f e r e n t  t ypes  of s i t e s ,  General  
r u l e s  of  s e l e c t i v i t y  hold f o r  most p a i r s  of counter  i ons  r e g a r d l e s s  of 
t h e  t ypes  of exchange s i t e s ;  however, due t o  d i f f e r e n t  t ypes  o f  r e a c t i o n s  
involved,  t h e  s e l e c t i v i t y  o f  hydrogen changed a s  t h e  i o n s  occupied t h e  
exchange s i t e s ,  
In  t h e  s tudy  of  t h e  e f f e c t s  of  c h e l a t i n g  agen t s ,  an e f f o r t  was 
made t o  examine t h e  t h e o r i e s  concerned with i on  exchange and meta l  c h e l a t e  
chemistry a s  t hey  apply t o  p r e d i c t i n g  t h e  d i s t r i b u t i o n  of  r ad ionuc l ides  i n  
a  system conta in ing  s o i l s ,  c h e l a t i n g  agen t s ,  and s e v e r a l  competing counter  
i ons ,  The e f f e c t s  of  che l a t i ng  agen t s  on t h e  d i s t r i b u t i o n  of s t ron t ium 
ions  i n  equi l ib r ium wi th  s o i l  ion-exchange media followed t h e  g e n e r a l  
r u l e s  regard ing  t h e  s t a b i l i t y  of meta l  c h e l a t e s  and t h e  s e l e c t i v i t y  o f  
s o i l  exchange media, The e f f e c t s  depended on t h e  n a t u r e  and t h e  concen- 
t r a t i o n  of  t h e  competing counter  i on  p r e s e n t ,  I n  t h e  presence o f  counter  
++ ++ + + i ons  (Ca and Zn ) t h a t  formed more s t a b l e  c h e l a t e s  t han  S r  , t h e  
++ presence o f  che l a t fng  agents  increased  t h e  exchange adsorp t ion  of Sr  
i ons  on s o i l  exchange media; ow t h e  o t h e r  hand, when t h e  counter  i ons  
+ (M%'+ and Ni l  t h a t  formed l e s s  s t a b l e  c h e l a t e s  were p r e s e n t ,  c h e l a t i n g  
++ 
agen t s  increased  t h e  concent ra t ion  o f  S r  i ons  i n  t h e  s o l u t i o n  phase,  
The e f f e c t s  of  o rganic  adso rp t ion  were examined i n  terms of  
changes i n  t h e  s o i l  ion-exchange parameters  such a s  t h e  exchange 
c a p a c i t i e s  and t h e  s e l e c t i v i t y  o f  soil exchange media, The experimental  
r e s u l t s  i nd i ca t ed  t h a t  c e r t a i n  o rgan ic  compounds were i r r e v e r s i b l y  ad- 
sorbed on s o i l  p a r t i c l e  su r f aces  and had cons iderab le  e f f e c t s  on t h e i r  
ion-exchange parameters ,  I r r e v e r s i b l e  adsorp t ion  o f  o rgan ic  compounds 
n o t  on ly  reduced t h e  e f f e c t i v e  exchange c a p a c i t i e s ,  bu t  a l s o  changed t h e  
s e l e c t i v e  p r o p e r t i e s  of t h e  exchange media, I n  gene ra l ,  t h e  s e l e c t i v i t y  
f o r  a c a t i o n  i n  prefe rence  t o  o t h e r s  increased  a s  s o i l  p a r t i c l e  su r f aces  
were covered with o rgan ic  compounds, 
The experimental  r e s u l t s  with n a t u r a l  o rgan ic  e x t r a c t s  i nd i ca t ed  
t h a t  t h e  e f f e c t s  of t h e  e x t r a c t s  were s i m i l a r  t o  t hose  of  weak c h e l a t i n g  
agen t s ,  The degree of t h e  e f f e c t s  was somewhat l e s s  than  t h a t  of pure 
c h e l a t i n g  agents  used, A s  a  r e s u l t  of t h e  i n e f f i c i e n t  method of ex t rac-  
t i o n  used, t h e  e x t r a c t s  a r e  be l ieved  t o  con ta in  only a  sma l l  f r a c t i o n  of 
t h e  n a t u r a l  o rgan ic  compounds p re sen t  i n  t h e  o r i g i n a l  sample, 
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1, INTRODUCTION 
Radioact ive contaminants c r e a t e d  by nuc l ea r  p rocess ing  p l a n t s  
o r  by bomb t e s t s  may e n t e r  t h e  s o i l  environment as f a l l o u t  m a t e r i a l s ,  as 
low-level wastes being disposed i n t o  t h e  environment, o r  a s  a  r e s u l t  of 
a c c i d e n t s  whereby s to rage  f a c i l i t i e s  o r  p rocess ing  p l a n t s  r e l e a s e  them, 
A s  t h e  magnitude of  t h e  nuc l ea r  i n d u s t r y  grows, t h e  problems of  nuc l ea r  
waste t rea tment  and contamination of  t h e  environment with r a d i o a c t i v e  
waste a r e  i n e v i t a b l e ,  
Transport  of  t h e s e  r ad ionuc l ides  through s o i l  media i s  a  
consequence of t h e  movement of t r a n s p o r t i n g  water ,  bu t  t hey  a r e  a l s o  
r e t a i n e d  by adso rp t ive  p r o p e r t i e s  of t h e  s o i l  media, The r o l e  of na t -  
u r a l  s o i l  media i n  r e t a i n i n g  o r  t r a n s p o r t i n g  r ad ionuc l ides  is becoming 
i n c r e a s i n g l y  important ,  In  t h e  i n t e r e s t  o f  water  supply and food pro- 
duc t ion  from s o i l s ,  g r e a t e r  c a r e  and p r e c i s i o n  w i l l  be r equ i r ed  t o  
e v a l u a t e  t h e  f a t e  of  r ad ionuc l ides  i n  t h e  s o i l  environment, 
I t  is a we l l  e s t a b l i s h e d  f a c t  t h a t  t h e  ion-exchange p r o p e r t i e s  
o f  s o i l  m a t e r i a l s  p lay  important r o l e s  i n  r e t a i n i n g  o r  t r a n s p o r t i n g  t h e  
r ad ionuc l ides  r e l e a s e d  i n t o  a s o i l  environment, Ion-exchange r e a c t i o n s  
o f  hazardous r ad ionuc l ides  such a s  srgO and ~s~~~ with s o i l  and i t s  c l a y  
f r a c t i o n  have been s tud i ed  by many invest igators ' ' '  no t  on ly  f o r  t h e  
purpose of i n v e s t i g a t i n g  t h e  f a t e  of t h e  r ad ionuc l ides ,  bu t  a l s o  f o r  t h e  
t r ea tmen t  of r a d i o a c t i v e  waste by exchange adso rp t ion ,  
Equi l ibr ium d i s t r i b u t i o n  of r ad ionuc l ides  r e l e a s e d  i n t o  t h e  s o i l  
environment a r e  c o n t r o l l e d  by va r ious  chemical and phys i ca l  cond i t i ons  of  
t h e  environment, Of many poss ib l e  f a c t o r s  which may govern t h e  ion- 
exchange r e a c t i o n s  of s o i l  m a t e r i a l s ,  t h e  presence o f  va r ious  inorganic  
s a l t s ,  t h e  pH of  t h e  environment, and p r o p e r t i e s  of  c l a y  f r a c t i o n  of  s o i l  
m a t e r i a l s  are important and have been s t u d i e d  f o r  t h e i r  e f f e c t s ,  
Various t h e o r i e s  involved i n  ion-exchange r e a c t i o n s  of  s o i l  
m a t e r i a l s  have been developed, Within t h e  frame o f  cond i t i ons  assumed 
f o r  t h e i r  development, t h e  t h e o r i e s  a r e  s a t i s f a c t o r y ;  however, u n i v e r s a l  
a p p l i c a t i o n  of t h e s e  t h e o r i e s  f o r  a c t u a l  s o i l  environments i s  l i m i t e d  
because o f  t h e  complexity of o v e r - a l l  r e a c t i o n s  involved i n  t h e  n a t u r a l  
s o i  l environment, 
In  o rde r  to be a b l e  t o  p r e d i c t  more a c c u r a t e l y  t h e  equi l ib r ium 
d i s t r i b u t i o n  o f  r ad ionuc l ides  disposed i n t o  t h e  s o i l  environment, f u r t h e r  
s tudy  o f  t h e  fundamental mechanisms o f  s o i l  ion  exchange and o t h e r  p o s s i b l e  
f a c t o r s  which may a f f e c t  t h e  ion-exchange r e a c t i o n s  o f  s o i l  media i s  needed, 
One of  t h e  a r e a s  i n  which f u r t h e r  i n v e s t i g a t i o n  i s  needed f o r  a  
b e t t e r  understanding o f  s o i l  ion-exchange r e a c t i o n  i s  t h e  e f f e c t s  o f  water- 
s o l u b l e  o rgan ic  compounds p re sen t  i n  t h e  system, I t  is a  known f a c t  t h a t  
n a t u r a l  water"' and c e r t a i n  wastes d i scharged  from nuc l ea r  f a c i l i t i e s  
con ta in  many types  of  d i s so lved  o rgan ic  compounds, F u ~ t h e m o r e ,  n a t u r a l  
s o i l s  con ta in  humus Type o ~ g a n i c  compounds which a r e  e i t h e r  t h e  degrada t ion  
products  o f  vege tab le  ma t t e r  o r  t h e  products  of  mic rob ia l  s y n t h e s i s ,  
Stevenson and h i s  co-workers'3' have shown t h e  presence o f  va r ious  amino 
a c i d s  adsorbed on s o i l  p a r t i c l e s ,  Though cons iderab le  ~ e s e a r c h  work has  
been conducted wi th  rega.rd t o  ion-exchange r e a c t i o n s  between r ad ionuc l ides  
and s o i l  exchange media, ~ h e s e  s t u d i e s  were g e n e r a l l y  performed with 
i d e a l l y  s i m p l i f i e d  systems conta in ing  s o i l s  and d i s t i l l e d  water s o l u t i o n s  
i n  t h e  absence o f  any o rgan ic  compounds, The i n t e r a c t i o n s  o f  i n d i v i d u a l  
o r g a n i . ~  c o n s t i t u e n t s  i n  a  n a t u r a l  s o i l  environment and t h e i r  e f f e c t s  on 
t h e  ion-exchange p r o p e r t i e s  of  t h e  s o i l  environment have n o t  been s t u d i e d ,  
To have a b e t t e r  understanding of  what happens t o  r ad ionuc l ides  
when they e n t e r  t h e  n a t u r a l  s o i l  environment, a  knowledge o f  ove r - a l l  
r e a c t i o n s  inc luding  t h e  i n t e r a c t i o n s  of t h e  organic  compounds with s o i l  
c o n s t i t u e n t s  and t h e i r  e f f e c t s  on t h e  ion-exchange r e a c t i o n  is needed, 
1,1, Purpose and Scope of t h e  I n v e s t i g a t i o n  
There now e x i s t s  a  l a r g e  amount of  d a t a  on ion-exchange 
p r o p e r t i e s  of s o i l  m a t e r i a l s ,  In  gene ra l ,  t h e s e  d a t a  have been obtained 
from i d e a l l y  s i m p l i f i e d  systems, These d a t a  a lone  a r e  inadequate  f o r  t h e  
p r e d i c t i o n  of t h e  a c t u a l  equi l ib r ium d i s t r i b u t i o n  of  r ad ionuc l ides  r e -  
l e a sed  i n t o  a  s o i l  environment, f o r  i n  a  n a t u r a l  s o i l  environment va r ious  
o t h e r  i n t e r a c t i o n s  may a f f e c t  t h e  ion-exchange r e a c t i o n s ,  One such a r e a  
i n  which f u r t h e r  i n v e s t i g a t i o n  is  needed i s  t h e  e f f e c t  of  d i s so lved  
orggnic  compounds, 
It has  been shown t h a t  i n  a  n a t u r a l  s o i l  environment t h e r e  a r e  
2 1 p re sen t  var ious  organic  compounds which may i n t e r a c t  with both com- 
p e t i n g  counter  i ons  and t h e  s o i l  exchange media. Some o f  t h e  o rgan ic  
compounds p re sen t  i n  n a t u r a l  water a r e  be l ieved  t o  be multi-hydroxy- 
ca rboxy l i s  compounds whish may r e a d i l y  i n t e r a c t  with meta l  i o n s  p re sen t  
i n  t h e  system, The e x t r a c t i o n  o f  p r o t e i n s  and amino-acid-type o rgan ic  
compounds'31 from n a t u r a l  s o i l  m a t e r i a l s  i n d i c a t e s  t h e  presence o f  s o i l -  
s o r p t i v e  o rgan ic  compounds i n  t h e  n a t u r a l  s o i l  environment, Recent ly ,  
O R N L ' ~ '  and NRTS") i n  t h e i r  i n v e s t i g a t i o n s  o f  ion-exchange p r o p e r t i e s  of 
r a d i o a c t i v e  wastes with s o i l  media included t h e  s tudy  of t h e  e f f e c t s  of 
va r ious  complexing agen t s  p r e sen t  i n  t h e i r  wastes ,  
I t  i s  t h e  purpose o f  t h i s  i n v e s t i g a t i o n  t o  s tudy  t h e  mechanism 
of s o i l  ion  exchange and t h e  e f f e c t s  of va r ious  o rgan ic  compounds, 
Organic compounds s e l e c t e d  f o r  t h e  i n v e s t i g a t i o n  were c h e l a t i n g  agen t s ,  
a po l a r  compound, o rganic  c a t i o n s ,  and o rgan ic  e x t r a c t s  from n a t u r a l  
water  and s u r f a c e  s o i l  m a t e r i a l s ,  On t h e  b a s i s  of t h e i r  i n t e r a c t i o n ,  
t h e s e  o rgan ic  compounds a r e  grouped i n t o  two c a t e g o r i e s ,  one which i n t e r -  
a c t s  with counter  ions  and t h e  o t h e r  which i n t e r a c t s  with s o i l  p a r t i c l e  
s u r f a c e s ,  
To examine t h e  mechanism of s o i l  ion  exchange and t h e  app l i ca -  
b i l i t y  o f  p r e sen t  t h e o r i e s ,  ion-exchange r e a c t i o n s  o f  var ious  counter  i ons  
with s o i l  minera l s  (montmori l lonfte  and i l l i t e )  were f i rs t  s tud i ed  i n  t h e  
absence o f  o rgan ic  compounds, The s t u d i e s  included t h e  de te rmina t ion  of 
s o i l  ion-exchange parameters and t h e  a p p l i c a b i l i t y  of d a t a  obtained from 
simple systems t o  more complex systems, 
t ++ ++ The i n t e r a c t i o n s  of counter  i ons  (Na , Ca , Mg , and s r t t )  
with c h e l a t i n g  agen t s  and t h e i r  e f f e c t s  on ion-exchange r e a c t i o n s  were 
s t u d i e d  by ba tch  equi l ibr ium-type experiments wi th  t a r t r a t e ,  c i t r a t e ,  and 
EDTA, The l a b o r a t o r y  f i nd ings  were examined i n  terms o f  e x i s t i n g  t h e o r i e s  
concerning ion  exchange and meta l  c h e l a t e  chemistry,  
Seve ra l  o rgan ic  compounds having c a t i o n i c  p r o p e r t i e s  (methyl- 
amine, methylene b lue ,  dodecylamine, and a r g i n i n e )  were used t o  s tudy  
adso rp t ion  and i t s  e f f e c t s  on t h e  ion-exchange p r o p e r t i e s  of s o i l  min- 
e r a l s ,  The r e l a t i v e  s e l e c t i v i t y  of s o i l  minera l s  f o r  t h e  o rgan ic  c a t i o n s  
-+ 
with  r e s p e c t  t o  i no rgan ic  counter  i ons  (Na and S r t t )  was determined, 
The e f f e c t s  of  adsorbed organic  compounds on t h e  ion-exchange p r o p e r t i e s  
of s o i l  minera l s  were examined i n  terms of  changes i n  t h e  exchange 
parameters ,  
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2 ,  THEOIIY AND MECIIANISM OF' I O N  EXCHANGE 
2 , 1 ,  Theory o f  t h e  Ion-Exchange Phenomena 
The v a r i o u s  e x p l a n a t i o n s  t h a t  have been proposed f o r  t h e  ion-  
exchange phenomena have been wide ly  d i v e r g e n t ,  These e x p l a n a t i o n s  may h e  
grouped i n t o  t h r e e  t h e o r i e s ( 6 ) :  ( 1 )  t h e  double - layer  t h e o r y ,  ( 2 )  t h e  
Donnon membrane t h e o r y ,  and ( 3 )  t h e  c r y s t a l  l a t t i c e  exchange t h e o r y .  
2 1 1  The Double-layer Theory 
The double - layer  t h e o r y (  ) , developed a s  a n  e x p l a n a t i o n  o f  
t h e  e l e c t r o k i n e t i c  p r o p e p t i e s  o f  c o l l o i d s ,  h a s  been c o n s i d e r e d  a s  an  
e x p l a n a t i o n  f o r  t h e  v a r i o u s  phenomena a s s o c i a t e d  w i t h  i o n  exchange,  The 
double - layer  model o f  charged c o l l o i d s  c o n s i s t s  o f  a n  i n n e r  f i x e d  l a y e r  
w i t h  a d i l i u s e  and mobi le  o u t e r  l a y e r  o f  charges .  The i o n s  p r e s e n t  i n  
t h e  d i f f u s e  o u t e r  l a y e r  o f  a c o l l o i d  ex tend  i n t o  t h e  e x t e r n a l  l i q u i d  
mediunl, It may be cons idered  t h a t  t h e  c o n c e n t r a t i o n  o f  t h e  i o n s  c o n s t i -  
t u t i n g  t h e  d i f f u s e  o u t e r  l a y e r  i s  v a r y i n g  c o n t i n u o u s l y  and depends on t h e  
c o n c e n t r a t i o n  and pH o f  t h e  e x t e r n a l  s o l u t i o n .  I f  t h e  c o n c e n t r a t i o n  o f  
t h e  i.ons i n  t h e  e x t e r n a l  s o l u t i o n  i s  changed by a d d i t i o n  of a f o r e i g n  i o n ,  
t h e  e q u i l i b r i u m  is  u p s e t  and a new e q u i l i b r i u m  i s  o b t a i n e d ,  Some new 
i o n s  w i l l  e n t c s  t h e  d i f f u s e  o u t e r  l a y e r ,  exchanging t h e  i o n s  p r e v i o u s l y  
h e l d  i n  t h i s  l a y e r ,  The c a p a c i t y  o f  t h e  d i f f u s e  o u t e r  l a y e r  depends on 
t h e  c o n c e n t r a t i o n  and pH of t h e  e x t e r n a l  s o l u t i o n ,  
2 , L .  2 ,  The Ilonnon Membrane Theory 
A s p e c i a l  c a s e  o f  t h e  Donnon membrane t h e o r y  (8, 9 )  h a s  been 
app l i ed  t o  expla in  t h e  ion-exchange phenomena occur r ing  i n  va r ious  
exchange media. The Donnon membrane theo ry  p e r t a i n s  t o  t h e  unequal d i s -  
t r i b u t i o n  of  i ons  on two s i d e s  o f  a  semipermeable membrane, one s i d e  
con ta in ing  an  e l e c t r o l y t e ,  one o f  whose i o n s  is not  a b l e  t o  d i f f u s e  
(10 through t h e  membrane, Bauman and Eichhorn , apply ing  a  Donnon mem- 
brane equi l ib r ium approach, considered an  ion-exchange medium a s  a  very 
concent ra ted  s o l u t i o n  of  f u n c t i o n a l  groups separa ted  from t h e  surrounding 
s o l u t i o n  by a  semipermeable membrane, The f u n c t i o n a l  groups (exchange 
media) a r e  considered a s  t h e  non-d i f fus ib le  ions.  
For t h e  s o l u t i o n  conta in ing  e l e c t r o l y t e  AX,  t h e  chemical poten- 
t i a l  o f  e l e c t r o l y t e  AX a t  equi l ib r ium must be t h e  same a t  both s i d e s  o f  
t h e  membrane, 
where and a  r e f e r  t o  t h e  a c t i v i t i e s  of  t h e  e l e c t r o l y t e  AX i n  t h e  AX AX 
exchanger and s o l u t i o n  phases ,  r e spec t ive ly .  
In  t h e  f i r s t  approximation, t h e  s tandard  chemical p o t e n t i a l s  
0 ($X and U ) of  t h e  e l e c t r o l y t e  AX a r e  considered a s  being equa l  on both AX 
s i d e s ,  s o  t h a t  a t  cons tan t  temperature  Equation (2-1) may be reduced t o  
which can lbe  w r i t t e n  i n  t h e  form, 
Equat ion (2-3) shows t h e  f a c t  t h a t  i n  t h e  exchange medium w i t h  h igh  
exchange c a p a c i t y  (a > a ) t h e  i n v a s i o n  o f  n e g a t i v e  i o n ,  X ,  i s  smal l .  A A 
For t h e  sys tem c o n t a i n i n g  t h e  i o n  exchanger  i n  i o n i c  form B ,  and s u r -  
rounded by t h e  s o l u t i o n  wi th  a n o t h e r  e l e c t r o l y t e  B X ,  t h e  i o n i c  d i s t r i b u -  
t i o n  o f  e l e c t r o l y t e ,  BX,  f o l l o w s  t h e  same r u l e  as AX,  
A f t e r  e l i m i n a t i n g  t h e  an ion ,  X ,  which i s  common t o  b o t h  c a t i o n s ,  A and B ,  
t h e  r e l a t i o n s h i p  o f  t h e  c a t i o n  A t o  c a t i o n  B is,  
9 + 9 For a  p a i r  o f  i o n s  of unequal  v a l e n c e ,  such a s  Na and @ a  , t h e  r e l a t i o n -  
s h i p  i s  
and 
A f t e r  e l i m i n a t i n g  t h e  an ion ,  X ,  t h e  r e l a t i o n s h i p  becomes, 
These r e l a t i o n s h i p s  s imply s t a t e  t h a t  t h e  exchange of i o n s  must t a k e  
p l a c e  u n t i l  t h e  a c t i v i t y  r a t i o s  a r e  e q u a l  i n  b o t h  phases .  The a c c u r a c y  
of t h e  Donnon membrane t h e o r y  f o r  t h e  d e s c r i p t i o n  of an  ion-exchange 
e q u i l i b r i u m  is  q u e s t i o n a b l e  because  i.t  does  n o t  c o n s i d e r  any o f  t h e  
p h y s i c a l  f o r c e s  invo lved  i n  t h e  ion-exchange p r o c e s s ;  howevor, t h e  Donnon 
concept  c l e a r l y  e x p l a i n s  t h e  i n a b i l i t y  of f r e e  e l e c t r o l y t e  t o  e n t e r  t h e  
exchanger  phase ,  t h e  e f f e c t  o f  v a l e n c e ,  and t h e  e f f e c t s  o f  c o n c e n t r a t i o n s .  
2,1.3. The C r y s t a l  L a t t i c e  Theory 
The concept  of t h e  n a t u r e  o f  i o n i c  s o l i d s  h a s  been a p p l i e d  
t o  s i l i c a t e  m i n e r a l s  e x h i b i t i n g  t h e  ion-exchange phenomena, An i o n  a t  t h e  
s u r f a c e  o f  a  c r y s t a l  i s  s u b j e c t  t o  less a t t r a c t i v e  f o r c e s  t h a n  a s i m i l a r  
i o n  benea th  t h e  c r y s t a l  s u r f a c e ,  If p l a c e d  i n  a  h i g h l y  p o l a r  medium such 
a s  w a t e r ,  t h e  n e t  a t t r a c t i v e  f o r c e s  b ind ing  t h e  s u r f a c e  i o n  t o  t h e  c r y s t a l  
a r e  d imin i shed  t o  such a  degree  t h a t  t h e  exchange of t h i s  i o n  i s  p o s s i b l e ,  
The e x c h a n g e a b i l i t y  of t h e  s u r f a c e  i o n s  depends on t h e  n a t u r e  of t h e  
b ind ing  f o r c e ,  t h e  i o n ' s  charge ,  c o n c e n t r a t i o n ,  ~ i z e ,  s o l u b i l i t y ,  a s  well 
a s  i t s  a c c e s s i b i l i t y  t o  t h e  s u r f a c e ,  
The exchange o f  i o n s  i n  s i l i c a t e  m i n e r a l s  (11 ,  1 2 )  such as 
z e o l i t e  and c l a y  m i n e r a l s  is q u i t e  similar t o  t h a t  o f  t b e  c r y s t a l  l a t t i ce  
i o n s ,  The exchangeable  c a t i o n s  on s i l i c a t e  m i n e r a l s  a r e  t h e r e  t o  bal-ance 
t h e  p o s i t i v e  c h a r g e  d e f i c i e n c y  c r e a t e d  by t h e  imper fec t  c r y s t a l i n i t y  of 
t h e s e  s i l i c a t e  m i n e r a l s ,  Nonetheless  t h e s e  exchangeable  c a t i o n s  on dlT- 
c a t e  m i n e r a l s  occupy e s s e n t i a l  l a t t i c e  s i tes,  
A l l  t h e  ion-exchange t h e o r i e s  a r e  q u i t e  s i m i l a r  i n  t h a t  t h e  
exchange of  i ons  must s a t i s f y  t h e  law of  e l e c t r o n e u t r a l i t y ,  The d i f f e r -  
ences  a r e  t h e  p o s i t i o n  and t h e  o r i g i n  of t h e  exchange s i t e s ,  The c r y s t a l  
l a t t i c e  exchange theo ry  assumes a  f i x e d  number o f  exchange s i t e s  t h a t  
must be s a t i s f i e d  r e g a r d l e s s  of changes i n  t h e  concen t r a t i on  o r  t h e  pH of  
t h e  e x t e r n a l  s o l u t i o n ,  However, i n  t h e  double- layer  t heo ry  t h i s  i s  not  
t r u e  s i n c e  t h e  d i f f u s e  o u t e r  l a y e r  depends on both concen t r a t i on  and pH. 
In  a  c e r t a i n  system both  types  of exchange may occur  s imultaneously,  t h e  
q u a n t i t y  depending on t h e  n a t u r e  of  t h e  exchange medium, The Donnon men)- 
brane t heo ry  does no t  c o n f l i c t  wi th  e i t h e r  t h e  c r y s t a l  l a t t i c e  t heo ry  o r  
t h e  double- layer  t heo ry ,  bu t  merely o f f e r s  a  q u a n t i t a t i v e  r e l a t i o n s h i p  
f o r  an exchange process ,  
2 ,1 ,40 The Ion-Exchange Theory of  S o i l s  
Numerous experimental  r e s u l t s  i n d i c a t e  t h a t  t h e  ion-exchange 
p r o p e r t i e s  o f  s o i l s  depend on t h e  a c t i v i t i e s  of  t h e  c l a y  f r a c t i o n ,  Both 
t h e  c r y s t a l i n e  s t r u c t u r e  and t h e  micro-s ize  o f  c l a y  mine ra l s  c o n t r i b u t e  
t o  t h e  magnitude of  t h e  ion-exchange p r o p e r t i e s ,  G r i m  (13)  c i t e s  t h r e e  
causes  of  t h e  c a t i o n  exchange p r o p e r t i e s :  ( 1 )  broken honds, ( 2 )  l a t t i c e  
s u b s t i t u t i o n ,  and ( 3 )  replacement of hydrogen from exposed hydroxyl 
groups,  
Broken bonds around t h e  edge of s i l i c a t e  alumina u n i t s  g i v e  
r i s e  t o  u n s a t i s f i e d  charges,  which a r e  balanced hy adsorhed c a t i o n s ,  The 
number of broken bonds i s  increased  by breaking t h e  p a r t i c l e  i n t o  sma l l e r  
p i eces ;  hence, t h e  exchange capac i ty  is increased  a s  t h e  p a r t i c l e  s i z e  
decreases ,  En i l l i t e ,  c h l o r i t e ,  k a o l i n i t e ,  and h o l l o y s i t e  mine ra l s ,  
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I n  terms of  t h e  d i s t r i b u t i o n  c o e f f i c i e n t s ,  t h e  s e l e c t i v i t y  c o e f f i c i e n t s  
can be expressed a s  
D 
The mass-action equi l ib r ium cons t an t ,  KoAB 
For t h e  ion-exchange r e a c t i o n ,  which is governed by t h e  law of 
mass-action, t h e  equi l ib r ium cond i t i on  i s  o f t e n  desc r ibed  i n  terms of 
t h e  mass-action equi l ib r ium cons t an t ,  
- - a+ 
where aA,  aB and aA,  aB a r e  t h e  a c t i v i t i e s  of t h e  counter  i ons ,  A and 
gb* i n  t h e  exchanger and s o l u t i o n  phases ,  r e s p e c t i v e l y .  The mass-action 
equi l ib r ium constan* and t h e  s e l e c t i v i t y  c o e f f i c i e n t  a r e  i n t e r r e l a t e d  by 
a+ 
where 7 and yA r e p r e s e n t  a c t i v i t y  c o e f f i c i e n t s  of t h e  ion A i n  t h e  A 
exchanger and s o l u t i o n  phases,  r e s p e c t i v e l y ,  
I t  is important t o  n o t e  t h a t  t h e  mass-action equi l ib r ium con- 
w 
s t a n t ,  KoAB,applies t o  t h e  system on ly  i f  t h e  ion-exchange r e a c t i o n  i s  
governed by t h e  law o f  mass-action, A s  w i l l  be d i s cus sed  i n  a  l a t e r  
s e c t i o n ,  t h e  exchange r e a c t i o n s  of montmori l loni te  and i l l i t e  used i n  
t h i s  i n v e s t i g a t i o n  do indeed fo l l ow  t h e  law o f  mass-action. 
The thermodynamic equi l ib r ium cons t an t ,  
---- 
K t h ~ ~  
I n  t h e o r e t i c a l  s t u d i e s  thermodynamic equ i l i b r ium cons t an t s  a r e  
o f t en  used,which r e p r e s e n t  t r u e  thermodynamic c h a r a c t e r i s t i c s  o f  t h e  ion- 
exchange r e a c t i o n  and have t r u l y  cons t an t  va lues  depending only  on 
temperature .  This  q u a n t i t y  i s  def ined  by t h e  thermodynamic r e l a t i o n ,  
where AGO is  t h e  s tandard  f r e e  energy change o f  t h e  ion-exchange r e a c t i o n  
b+ 
which inc ludes  t h e  exchange o f  coun te r  i on  B by A ~ ' ,  and t h e  s o r p t i o n  
and desorp t ion  o f  s o l v e n t s  and e l e c t r o l y t e s .  
%,3, Evaluat ion of  Ion-Exchange Equi l ibr ium 
For t h e  ion-exchange r e a c t i o n  i n  which t h e  exchange o f  - a  moles 
a+ 
of  counter  i on  B~~ by b  moles of counter  ion  A is accompanied by desorp- 
- 
t i o n  of  f  mol.es of  e l e c t r o l y t e  BX and s o r p t i o n  o f  g moles of  e l e c t r o l y t e  
- - 
AX and h  moles of t h e  s o l v e n t ,  t h e  f ree-energy change of t h e  t o t a l  
- 
system (1" )is, 
A t  equilibritarn t h e  t o t a l  f r e e  energy change becomes zero ,  Thus Equation 
(2-11) becomes, 
and 
Equation (2-11) con ta in s  on ly  thermodynamically de f ined  q u a n t i t i e s  and 
r e p r e s e n t s  t h e  t r u e  equi l ib r ium r e a c t i o n ,  I t  r e f l e c t s  a l l  t h e  p o s s i b l e  
e f f e c t s  of  t h e  va r ious  f a c t o r s  which may be accompanying t h e  exchange o f  
b t  t h e  counter  i on  B by fiat. If t h e  s o r p t i o n  o f  e l e c t r o l y t e  and changes 
i n  swel l ing  r e s u l t i n g  from t h e  adso rp t ion  of t h e  so lven t  can be neglec ted ,  
t h e  thermodynamic equi l ib r ium cons t an t  i s  reduced t o  t h e  mass-action 
equi l ib r ium express ion ,  
For many yea r s ,  ion-exchange e q u i l i b r i a  have been t h e  s u b j e c t  
o f  numerous experimental  and t h e o r e t i c a l  i n v e s t i g a t i o n s .  The most 
approp r i a t e  means o f  de sc r ib ing  an ion-exchange equi l ib r ium i s  by thermo- 
dynamics, Many i n v e s t i g a t o r s  have at tempted t o  d e s c r i b e  an ion-exchange 
equi l ib r ium by thermodynamic t rea tment  ( l5 ' l6 ) ; however, t h e  p r a c t i c a l  
a p p l i c a t i o n  of  such a  t rea tment  is r e s t r i c t e d  because t h e  q u a n t i t i e s  
involved can n o t  be determined by independent measurement no r  can they  be 
p red i c t ed  without  us ing  non-thermodynamic assumptions,  Though t h e  r i g -  
orous thermodynamic t rea tment  is c o r r e c t  and u n i v e r s a l ,  it y i e l d s  l i t t l e  
information about  t h e  a c t u a l  phys i ca l  causes  of t h e  ion-exchange phenomena 
t o  which t h e  t rea tment  is  app l i ed ,  Therefore ,  models with p a r t i c u l a r  
p r o p e r t i e s  resembling those  o f  t h e  exchanger have been in t roduced  f o r  
de r iv ing  equa t ions  t h a t  r e f l e c t  t h e  a c t i o n  of  t h e  va r ious  phys i ca l  forces .  
With such models t h e  e f f e c t s  of  p a r t i c u l a r  p r o p e r t i e s  of  an  exchanger can 
he analyzed,  However, every committment o f  a  model wi th  p a r t i c u l a r  
p r o p e r t i e s  means a  dev ia t i on  from r i g o r o u s  thermodynamics, and equa t ions  
developed from t h e  model can only  be app l i ed  t o  a system wi th  i d e n t i c a l  
p r o p e r t i e s ,  Furthermore, ion-exchange r e a c t i o n s  of an exchanger depend 
on a  v a r i e t y  o f  f o r c e s ,  which makes any t h e o r e t i c a l  t r ea tmen t  us ing  a  
model wi th  a l l  t h e  phys i ca l  f o r c e s  unmanageably complex. 
Even though none o f  t h e  t h e o r e t i c a l  t r ea tmen t s  of  an ion- 
exchange process  der ived  from a  model have been s a t i s f a c t o r y  f o r  p r a c t i c a l  
a p p l i c a t i o n ,  it is o f  i n t e r e s t  t o  examine t h e  e f f e c t s  o f  p a r t i c u l a r  
p r o p e r t i e s  of  an ion-exchanger on t h e  behavior  of t h e  system. The first 
model t h a t  r e f l e c t s  any of  t h e  p a r t i c u l a r  p r o p e r t i e s  of an ion-exchanger 
was introduced by ~ r e ~ o r " ~ ) .  According t o  h i s  model, an i on  exchanger 
i s  a  network of  e l a s t i c  sp r ings ,  When t h e  exchanger swe l l s ,  t h e  network 
i s  s t r e t c h e d  and e x e r t s  a  p r e s su re  on t h e  i n t e r n a l  pore,  and t h e  swel l ing  
pressu re  i n  t h e  exchanger a f f e c t s  t h e  ion-exchange equi l ibr ium,  Gregor, 
from h i s  e l a s t i c  spr ing  model of  an ion exchanger, der ived  t h e  r e l a t i o n ,  
where IT is  swell ing pressure  and v  v  a r e  p a r t i a l  molar volumes of  t h e  A' B 
a+ b+ 
counter  ion  A and B 
The p r a c t i c a l  app l i ca t ion  of Equation (2-14) i s  r e s t r i c t e d  by 
d i f f i c u l t i e s  of eva lua t ing  t h e  a c t i v i t y  c o e f f i c i e n t s ,  IT, vA, and vB. 
Q u a l i t a t i v e l y  Gregorvs  model and h i s  equat ion expla in  t h e  s e l e c t i v i t y  
+ t 
sequence o f  t h e  a l k a l i  ions ( ~ i +  < Na < K+ < Rb' < C s  ), which i s  i n  t h e  
same sequence a s  t h a t  of decreasing hydrated volume, 
Pauley ( l a )  has i n t e r p r e t e d  t h e  s e l e c t i v i t y  of an ion  exchanger 
i n  terms of a  simple model, whose e s s e n t i a l  f e a t u r e  is  t h e  e l e c t r o s t a t i c  
a t t r a c t i o n  between t h e  counter  i ons  and t h e  f ixed  i o n i c  s i t e s  of t h e  
exchanger, Assuming t h a t  a l l  t h e  counter  i ons  i n  t h e  exchanger a r e  found 
a t  t h e i r  d i s t ance  of  c l o s e s t  approach t o  t h e  f ixed  i o n i c  s i t e s  of t h e  
exchanger, fl-om CoulombQs law t h e  ion-exchange equi l ibr ium cons tant  f o r  
univa lent  counter  ions  i s  expressed a s ,  
0 0 
where d  and d  a r e  t h e  d i s t ance  of  c l o s e s t  approach between t h e  counter  A B 
i ons  and t h e  f ixed  i o n i c  s i t e s  of t h e  exchanger. 
According t o  Equation (2-15),  t h e  counter  ion  with t h e  sma l l e r  
0 d  va lue  is  p re fe r r ed .  Pauley ' s  equa t ion  e x p l a i n s  t h e  s e l e c t i v i t y  s e r i e s  
of  a l k a l i  i ons  ( L i  < Na < K < Rb < Cs),  which i s  t h e  same a s  t h e  s e r i e s  
of t h e  Debye-Huckel parameter,  do, f o r  t h e  a l k a l i  ions .  There i s  no 
doubt bu t  t h a t  t h e  s i t u a t i o n s  i n  a c t u a l  systems a r e  much more complicated 
by i n t e r a c t i o n s  o t h e r  than  simple e l e c t r o s t a t i c  r e a c t i o n s ,  
2,3,1. The Mass-Action Expression o f  Ion-Exchange React ions 
Many t h e o r e t i c a l  approaches and models have been developed 
and used f o r  t h e  d e s c r i p t i o n  of t h e  e q u i l i b r i a  e x i s t i n g  between ion- 
exchangers and e l e c t r o l y t e  s o l u t i o n s ;  however, a  u n i v e r s a l l y  a p p l i c a b l e  
s o l u t i o n  does n o t  e x i s t .  In  a l l  ca se s ,  one u se s  e i t h e r  a  s e l e c t i v i t y  
c o e f f i c i e n t  o r  a  mass-action equ i l i b r ium cons t an t ,  both of which may be  
c o r r e c t e d  somewhat t o  g ive  an accep tab l e  equi l ib r ium cons t an t ,  
The r e v e r s i b i l i t y  of  t h e  ion-exchange process ,  coupled with t h e  
equivalence of  t h e  exchange, ha s  i n d i c a t e d  t h e  p o s s i b i l i t y  of applying 
t h e  law of mass-action, p a r t i c u l a r l y  f o r  t h e  exchangers with r i g i d  
s t r u c t u r e s ,  such a s  z e o l i t e s  and c l a y  minera l s ,  both of  which d i s p l a y  
n e g l i g i b l e  changes i n  adso rp t ion  of s o l v e n t s  and e l e c t r o l y t e s ,  The mass- 
a c t i o n  equi l ib r ium cons t an t  f o r  t h e  r e a c t i o n  where b  moles of t h e  counter  
- 
a+ ion A i s  r e p l a c i n g  a  moles o f  t h e  counter  ion  B~~ may be w r i t t e n  i n  t h e  
- 
form o f ,  
Investigators generally agree that the solution phase activity correction . 
factor may be approximated by, 
(YBla (zbtl) a 
-I' 
gYa BX) 
PAlb 
where Y ,  AX and Y, BX are the mean activity coefficients of electrolytes 
a+ AX and BX, and za and ab are the valences of the counter ions, A and B~'. 
The mean activity coefficient of a pure electrolyte can be calculated from 
the Debye-Huckel expression, 
with the ion ic  strength, E %/2 C m. Zi 
1 
where D is the dielectric constant and T the absolute temperatu~e, 
For most practical purposes Equation (2-98al can be approxi- 
mated (19) by 9 
where t h e  average e f f e c t i v e  d iameters  of  counter  i ons  a r e  taken  t o  be 
0 
4,O A', and cons t an t s  a r e  eva lua ted  a t  t h e  temperature  of 25 C, 
Since an Ion-exchange r e a c t i o n  always involves  more than  one 
e l e c t r o l y t e ,  t h e  mean a c t i v i t y  c o e f f i c i e n t s  must be f o r  a  mixed e l e c t r o -  
l y t e ;  however, t h e r e  being a  l a c k  of  means f o r  determining t h e  a c t i v i t y  
c o e f f i c i e n t s  of mixed e l e c t r o l y t e s ,  c e r t a i n  approximations a r e  necessary ,  
. 
I n  t h i s  i n v e s t i g a t i o n ,  t h e  mean a c t i v i t y  c o e f f i c i e n t s  of mixed e l e c t r o -  
l y t e s ,  AxX, and B Y a r e  computed under two assumed condi t ions :  ( a )  t h e  
Y b D  
a c t i v i t y  c o e f f i c i e n t s  of  t h e  two c a t i o n s  do n o t  show mutual i n t e r f e r e n c e  
and t h e  va lues  of  t h e  c o e f f i c i e n t  a r e  t h e  same a s  t hose  f o r  e i t h e r  of t h e  
pupe, i n d i v i d u a l  e l e c t r o l y t e s ;  ( b )  t h e  a c t i v i t y  c o e f f i c i e n t s  do n o t  show 
mutual i n t e r f e r e n c e ,  bu t  t h e  va lues  a r e  t h e  same a s  t hose  of t h e  pure 
e l e c t r o l y t e s  having t h e  t o t a l  e l e c t r o l y t e  concen t r a t i ons ,  The d i f f e r ence  
i n  %he t w o  assumptions i s  i n  t h e  va lue  o f  t h e  i o n i c  s t r e n g t h ,  and t h e  
a c t u a l  va lues  o f  t h e  a c t i v i t y  c o e f f i c i e n t s  w i l l  l i e  between t h e s e  two 
values,  Under t h e  s e ~ o w d  assumption, t h e  a c t i v i t y  c o e f f i c i e n t s  of t h e  
counter  ions  02 t h e  same va lence  i n  t h e  same s o l u t i o n  a r e  i d e n t i c a l ,  and 
t h e  r a t i o  of  t h e  a c t i v i t y  c o e f f i c i e n t s  becomes u n i t y ,  
There have been many a t t empt s  t o  e v a l u a t e  t h e  a c t i v i t i e s  of t h e  
exchanger phase,  c o r r e l a t i n g  t h e  a c t i v i t i e s  with t h e  q u a n t i t i e s  t h a t  a r e  
a c c e s s i b l e  by independent measurement, However, t h e r e  is no g e n e r a l  
agreement concerning t h e  a c t i v i t i e s  of t h e  exchanger phase,  The f i r s t  
approach t o  eva lua t ing  t h e s e  a c t i v i t i e s  was given by  ans sell ow(^^', who 
cons idered  t h e  exchangers phase a s  a completely mi sc ib l e ,  i d e a l  mix ture ,  
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where 4i 2 and zi = t h e  valence of t h e  counter  i on ,  f 
Krishnamoorthy and Over s t r ee t  (23'  '" have found t h i s  r e l a t i o n s h i p  t o  
f i t  t h e  ion-exchange equi l ib r ium d a t a  of c l a y  exchange systems f o r  a l l  ion 
p a i r s  except  t hose  involv ing  hydrogen i o n s ,  
The mass-action equi l ib r ium express ion  has  been found q u i t e  
s a t i s f a c t o r y  f o r  most counter  ion  p a i r s ,  However, t h e r e  a r e  a  few excep- 
t i o n s  where t h e  mass-action equi l ib r ium express ion  does no t  de sc r ibe  t h e  
d i s t r i b u t i o n  of counter  i ons  i n  equi l ib r ium wi th  c l a y  minera l  exchangers,  
I t  has been shown t h a t  c a t i o n s  such a s  potassium ions  (251 a r e  sometimes 
f i x e d  on t h e  clay minera l s  a f t e r  being adsorbed by t h e  ion-exchange 
process ,  Under t h i s  cond i t i on  t h e  ion-exchange process  w i l l  be i r r e v e r s -  
i b l e ,  and t h e  mass-action law w i l l  n o t  be v a l i d ,  S o i l s  a r e  composed o f  
many d i f f e r e n t  c o n s t i t u e n t s ,  which may be q u i t e  d i f f e r e n t  i n  t h e i r  i sn -  
exchange p r o p e r t i e s ,  The equi l ib r ium cons t an t  der ived  from t h e  mass- 
a c t i o n  l a w  may n s t  be a cons t an t  va lue  f o r  such a mixture  but  may depend 
ow t h e  e o n d i t i s n s  imposed on t h e  system, 
2,4, .Lon-Exchange Reactions of Heterogeneous Clay Mixtures 
The ion-exchange equa t ions  t h a t  have been d iscussed  i n  t h e  
p ~ e v i o u s  s e c t i o n  a r e  on ly  a p p l i c a b l e  t o  minepa logica l ly  pure samples of 
c l a y s  i n  which a l l  exchange s i t e s  ape i d e n t i c a l  i n  t h e i r  p r o p e r t i e s ,  
T h e o ~ e t i s a l l y ,  i f  t h e  equi l ib r ium cons t an t  f o r  a  given ion  p a i r  i s  K f o r  
x  
a pure  exchanger X ,  and K f o r  a  pure  exchanger Y, t hen  i n  a m i x t u ~ e  o f  
Y 
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(26 1 Rearranging t h e s e  equa t ions ,  one can o b t a i n  t h e  fo l lowing  express ions  
which permit computation of t h e  d i s t r i b u t i o n  c o e f f i c i e n t s ,  Kd, o f  each 
eat f on. 
If c a t i o n  A is  i n  t r a c e  concent ra t ion ,  Equation (2-25a) reduces t o  
In  t h e  ca se  of ransymmetrical exchange, i n  which t h e  va lances  of t h e  
c a t i o n s  involved a r e  no t  t h e  same, t h e  mathematical express ions  fo r  t h e  
system become morje complicated, However, t h e  manner o f  ana lyz ing  t h e  
system is s i m i l a r ,  
2,6,  E f f e c t s  of  Organic Compounds on Ion-Exchange React ions of Clay 
Mine~aEs  
I n  gene ra l ,  dev i a t i on  from an i d e a l  ion-exchange equi l ib r ium 
may be due t o  t h e  i n t e r a c t i o n s  among t h e  va r ious  components p re sen t  i n  
t h e  system, These i n t e r a c t i o n s  can be e i t h e r  between one component and 
o t h e r s  i n  t h e  e x t e r n a l  s o l u t i o n  phase,  such a s  t h e  formation of o rganic  
complexes of metal  i ons ,  o r  it can be t h e  i n t e r a c t i o n  between one compo- 
went and t h e  s o l i d  exchanger, 
E f f e c t s  of o rganic  compounds on t h e  ion-exchange r e a c t i o n  o f  
s o i l  minera l s  may be d iv ided  i n t o  two groups,  one i n  which o rgan ic  com- 
pounds i n t e r a c t  with inorganic  counter  i ons ,  e s p e c i a l l y  meta l  ions ,  and 
t h e  o t h e r  i n  which t h e  organic  components may i n t e r a c t  with s o i l  minera l  
s u r f a c e s  and thereby  a f f e c t  t h e  ion-exchange p r o p e r t i e s  o f  t h e  s o i l  
minera l s ,  The i n t e r a c t i o n  of  a  c e r t a i n  o rgan ic  c a t i o n  wi th  s o i l  s u r f a c e s  
may be a  simple ion-exchange r e a c t i o n  without  a f f e c t i n g  t h e  s o i l  exchange 
p r o p e r t i e s ,  o r  it may be t h a t  i n  t h e  process  o f  t h e  exchange adsorp t ion  
t h e  s o f l V s  ion-exchange p r o p e r t i e s  change, 
2 ,6 ,1 ,  Ion-Exchange E q u i l i b r i a  o f  Clay Minerals i n  t h e  Presence of 
Seques te r ing  Agents 
I n  gene ra l ,  cation-exchange e q u i l i b r i a  a r e  s t r o n g l y  a f f e c t e d  
by t h e  i n t e ~ a c t i o n ' ~ ~ '  of  counter  i ons  wi th  o t h e r  components i n  t h e  so lu-  
t i o n  phase,  The i n t e r a c t i o n s  of c a t i o n s  wi th  an ions  i n  t h e  s o l u t i o n  phase 
ai>e p a r e i c u l a r l y  important ,  because anions a r e  r a t h e r  e f f i c i e n t l y  excluded 
from t h e  s o l i d  exchanger phase,  and t h u s  t h e  e f f e c t s  of  t h e s e  i n t e r a c t i o n s  
En t h e  s o l u t i o n  phase a r e  no t  compensated by t h a t  o f  s i m i l a r  i n t e r a c t i o n  
i n  t h e  s o l i d  exchanger phase,  The exchanger,  i n  gene ra l ,  p r e f e r s  t hose  
c a t i o n s  t h a t  a s s o c i a t e  l e s s  s t r o n g l y  wi th  an ions ,  This  r u l e  i s  i l l u s -  
t r a t e d  by a  t y p i c a l  example, Cation exchangers p r e f e r  o t h e r  c a t i o n s  t o  
H<' i f  t h e  s o l u t i o n  con ta in s  ~ 1 - ,  which form i n s o l u b l e  HgC12, 
Among o t h e r  p o s s i b l e  i n t e r a c t i o n s  of c a t i o n i c  r ad ionuc l ides  i n  
a s o i l  environment, t h e  formation of  water  so lub l e  che l a t ed  compounds 
( seques te red  compounds) i s  one o f  t h e  most important  r e a c t i o n s  i n  regard  
t o  t h e i r  t r a n s p o r t  through t h e  s o i l  medium,because t h e  formation o f  water  
s o l u b l e  che l a t ed  compounds o f  t h e s e  r ad ionuc l ides  i n h i b i t s  t h e i r  adsorp- 
t i o n  on s o i l  minera l s ,  The formation of che l a t ed  compounds r e s u l t s  i n  
t h e  i n a c t i v a t i o n  o f  t h e  counter  i o n s  by forming e i t h e r  n e u t r a l  o r  even 
nega t ive ly  charged meta l  c h e l a t e s ,  The degree of  t h e  i n a c t i v a t i o n  of  a 
counter  ion  by a s eques t e r ing  agent  depends on t h e  n a t u r e  o f  t h e  agent  
and t h e  counter  ion ,  
The gene ra l  t h e o r e t i c a l  t rea tment  of an ion-exchange equi l ib r ium 
is v a l i d  whether o r  no t  che l a t ed  products  a r e  formed, The formation of  
che l a t ed  compounds can be t r e a t e d  a s  an a d d i t i o n a l ,  d i s t i n c t  r e a c t i o n ,  
The q u a n t i t a t i v e  t rea tment  o f  t h e  ion-exchange equi l ib r ium i n  t h e  presence 
of  s eques t e r ing  agen t s  i s  based on t h e  known r e l a t i o n s  f o r  t h e  e q u i l i b r i a  
o f  t h e  va r ious  ehe l a t ed  compounds, For a simple system i n  which t h e  
a+ 
counter  i ons ,  A and B ~ ' ,  a r e  i n  equi l ib r ium with an i on  exchanger i n  
t h e  presence of  s eques t e r ing  agent ,  yY-, which forms che l a t ed  compound, 
a+ A Y " - ~ ~  with  on ly  e a t i o n  A and does n o t  i n t e r a c t  with t h e  exchanger,  t h e  
a+ d i s t r i b u t i o n  of  t h e  counter  ion  A has  t o  s a t i s f y  t h e  fol lowing simul- 
taneous equa t ions ,  
and 
where K i s  The s t a b i l i t y  cons t an t  of  t h e  c h e l a t e  compound, AY,  and m AY Y 
is t h e  i o n i c  concent ra t ion  o f  o rganic  l i gand ,  yY-, i n  t h e  s o l u t i o n ,  
Rearranging t h e s e  equa t ions  i n  terms o f  t h e  e f f e c t i v e  d i s t r i b u t i o n  coef-  
- 
f i c i e n t ,  Kd, t h a t  is,  t h e  r a t i o  of t h e  c a t i o n  ila9 i n  t h e  exchanger phase 
t o  i t s  t o t a l  concen t r a t i on  i n  t h e  s o l u t i o n  phase,  t h e  fol lowing express ion  
is obta ined ,  
which shows t h e  e f f e c t  of t h e  s eques t e r ing  agent ,  (my), on t h e  e f f e c t i v e  
- 
d i s t r i b u t i o n  e o e f f i c f e n t ,  KdAo 
The ca se  i n  which both c a t i o n s ,  Aa9 and Bb9, form che l a t ed  com- 
pounds wi th  YYY is more complicated, This  s i t u a t i o n  occurs ,  f o r  example, 
99 ++ i n  t h e  ion-exchange r e a c t i o n  of  t h e  counter  ion  p a i r  S r  -Ca i n  t h e  
presence of a  s eques t e r ing  agent ,  Equation (2-26)  remains unchanged even 
i f  t h e  competing counter  ion  forms a  che l a t ed  compound. An e x a c t l y  
analogous r e l a t i o n  holds  f o r  t h e  e f f e c t i v e  d i s t r i b u t i o n  c o e f f i c i e n t  o f  
B ~ +  KTB' 
The r a t i o  of  two e f f e c t i v e  d i s t r i b u t i o n  c o e f f i c i e n t s  g i v e s  t h e  
c+ 9s 
e f f e c t i v e  s e l e c t i v i t y  c o e f f i c i e n t  f o r  t h e  counter  ion  p a i r  S r  -Ca i n  
t h e  presence of  seques te r ing  agen t s ,  
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be d iv ided  i n t o  two gene ra l  types  of adso rp t ion ,  phys i ca l  and chsmieal  
adso rp t ion ,  Phys i ca l  adsorp t ion ,  o r  Van d e r  Waals adso rp t ion  a s  it i s  
o f t e n  c a l l e d ,  is  due t o  d ipo le -d ipole  o r  ion-dipole  i n t e r a c t i s n s ,  Chem- 
ical adso rp t ion  is due t o  coulombic f o r c e s  and r e s u l t s  from bond formation 
between t h e  adsorbent  and adsorba te ,  A hydrogen bond (-C- clay s u r f a c e )  
may be c l a s s i f i e d  under e i t h e r  p h y s i c a l  o r  chemical adso rp t ion ,  
Organic molecules having a p o s i t i v e  charge can be r e a d i l y  
adsorbed on c l a y  su r f aces  through an ion-exchange r e a c t i o n ,  Hendricks (27)  
has  i nd i ca t ed  t h a t  when organic  c a t i o n s  a r e  adsorbed on c l a y  s u r f a c e s ,  
t hey  a r e  he ld  on t h e  su r f ace  by coulombic f o r c e ,  i n  a d d i t i o n  t o  a  Van d e r  
Waals f o r c e  a s soc i a t ed  with t h e  o rgan ic  cha in  and t h e  c l a y  su r f ace ,  
Since t h e  clay-mineral s u r f a c e s  a r e  p o l a r ,  when they  a r e  i n  
con tac t  with a  s o l u t i o n  conta in ing  p o l a r  o rgan ic  compounds, t h e  nega t ive  
c e n t e r s  on t h e  c l a y  minera l s  a t t r a c t  t h e  p o s i t i v e  c e n t e r s  o f  t h e  p o l a r  
o rgan ic  compounds, MacEwan '28'  and Bradley (29 1 b o ~ h  r epo r t ed  t h a t  a  
l a r g e  number of  p o l a r  o rganic  compounds can be adsorbed on t h e  c lay-  
minera l  s u r f a c e s ,  From t h e i r  X-ray d i f f r a c t i o n  d a t a ,  it was concluded 
t h a t  t h e s e  p o l a r  o rgan ic  molecules l i e  f l a t  between t h e  s h e e t s  of  ex- 
panding c l a y  minera l s  (montmor i l lon i te ) ,  and t h a t  t h e r e  may be hydrogen 
bonding, -C-H,,O, between t h e  cha ins  of  o rgan ic  molecules and t h e  oxygen 
atoms a t  t h e  s u r f a c e  of  t h e  c l a y  minera l s ,  
2 ,6 ,2 ,2 ,  E f f e c t s  of Adsorbed Organic Compounds on P r o p e r t i e s  
of  Clay Minerals 
When an organic  molecule i s  adsorbed on a  c l a y  su r f ace ,  
it is  expected t h a t  t h e  su r f ace  p r o p e r t i e s  of t h e  c l a y  minera l  w i l l  be 
changed, Such change i n  t h e  surfiice e h a r a c t e r i s t i e ; ~  may a f f e c t  t h e  ion- 
oxchange p r o p e r t i e s  o f  t h e s e  c l a y  minera l s .  The c l a y  minera l  p r o p e r t i e s  
t h a t  may be a l t e r e d  by organic  adso rp t ion  a r e  ( a )  t h e  nega t ive  charge o f  
t h e  c l a y  su r f ace ,  (b) t h e  a c t i v e  su r f ace  a r e a  of  t h e  c l a y  minera l ,  ( c )  
t h e  b l i nd ing  a t  t h e  edge o f  t h e  b a s a l  plane s u r f a c e ,  ( d )  t h e  b r idg ing  o f  
xhe b a s a l  p lanes  o f  t h e  expanding c l a y  minera l s ,  and ( e )  t h e  water  sorp- 
t i o n  p r o p e r t i e s  o f  t h e  c l a y  minera l  s u r f a c e ,  I n  terms of  ion-exchange 
pau*.ame-ters, t h e s e  e f f e c t s  may be (a) t h e  r educ t ion  of: t h e  exchange 
c a p a c i t y  due t o  t h e  permanent occupat ion of  t h e  exchange s i t e s  by 
s t r o n g l y  adsorbed o rgan ic  c a t i o n s  o r  due t o  covering up of  a v a i l a b l e  
exchange s i t e s  by a  l a r g e ,  adsorbed organic  molecule,  and ( b )  t h e  change 
i n  t h e  s e l e c t i v e  p r o p e r t i e s  o f  t h e  c l a y  minera l  f o r  hydrated meta l  i ons  
r e s u l t i n g  from t h e  hydrophobic n a t u r e  o f  t h e  organic-adsorbed s u r f a c e s  
o r  t h e  c ross - l inkage  of  t h e  f a c i n g  su r f aces  o f  t h e  expanding c l a y  min- 
e r a l ,  I n  a d d i t i o n ,  a  l a r g e  o rgan ic  molecule adsorbed a t  ehe edge of t h e  
basal plane s u r f a c e  of  a c l a y  minera l  may form some type  sf phys i ca l  
h a r ~ i e r ,  which may i n t e r f e r e  with inorganic  i o n s  e n t e r i n g  t h e  b a s a l  plane 
of  t h e  c l a y  minera l ,  
& a )  E f f e c t s  of adsorbed organic  molecules on t h e  nega t ive  charge 
o f  c l a y  s u r f a c e s  
Ce r t a in  organic  c a t i o n s  a r e  s o  s t r o n g l y  he ld  on t h e  c l a y  
su r f aces  t h a t  once adsorbed, inorganic  c a t i o n s  o f  t h e  same molar concen- 
t r a t i o n  may n o t  r e p l a c e  t h e s e  adsorbed o rgan ic  ca t i ons .  This  r e s u l t s  i n  
t h e  n e t  r educ t ion  of t o t a l  nega t ive  charge on t h e  c l a y  su r f ace ,  and hence 
may r e s u l t  i n  t h e  reduc t ion  of  exchangeable s i t e s ,  I n  gene ra l ,  t h e  
l a r g e r  o rgan ic  c a t i o n s  a r e  more s t r o n g l y  adsorbed because i n  a d d i t i o n  t o  
t h e  esulombic f o r c e s ,  t h e  Van d e r  Waals f o r c e s  a r e  g r e a t e r ,  
( b )  E f f e c t s  of adsorbed organic  compounds on a c t i v e  su r f ace  a r e a  
o f  c l a y  mine ra l s  
Hendricks (27)  has  shown when l a r g e  o rgan ic  c a t i o n s  a r e  adsorbed 
on a  c l a y  su r f ace ,  even though they  a r e  more s t r o n g l y  adsorhed than  
sma l l e r  ones,  they  occupy fewer exchange s i t e s ,  i n d i c a t i n g  cover-up 
e f f e c t s ,  A l a r g e  organic  c a t i o n ,  when it i s  adsorbed on a  c l a y  su r f ace ,  
may phys i ca l l y  cover up more t han  one exchange s i t e ,  On t h e  average,  t h e  
e f f e c t i v e  a r e a  of each exchange s i t e  on montmori l loni te  i s  about  80 t o  
100 /Io2. If an organic  c a t i o n  which has an e f f e c t i v e  a r e a  l a r g e r  t han  
100 iIo2 i s  adsorbed on a montmori l loni te  s u r f a c e ,  t h i s  o rganic  c a t i o n  may 
cover  up more than  one exchange s i t e ,  thereby  reducing t h e  a c t i v e  s u r f a c e  
a r e a  o f  t h e  c l a y  minera l ,  
( c )  E f f e c t s  of  adsorbed organic  compounds on expanding cha rac t e r -  
istics of c l a y  mine ra l s  
(27 )  (31)  Hendricks , Bradley and  rim'^'), Jordan , and many o t h e r  
i n v e s t i g a t o r s  have found t h a t  when o rgan ic  compounds a r e  adsorhed on t h e  
i n t e r l a y e r  supfaces  o f  expanding c l a y  mine ra l s ,  a d e f i n i t e  p a t t e r n  o f  
in$er?layer spac ing  e x i s t s ,  which depends on t h e  s i z e  and concen t r a t i on  o f  
t h e  o rgan ic  compound, When an o rgan ic  molecule with more than  one c a t -  
i o n i c  group is adsorbed on t h e  i n t e r l a y e r  s u r f a c e  of t h e  expanding c l a y  
minera l s  such a s  montmori l loni te ,  t h i s  o rgan ic  molecule may a c t  t o  t i e  
two fac ing  s u r f a c e s  t oge the r  by adsorbing on both  s u r f a c e s ,  
I n  montmori l loni te ,  i n  t h e  e a r l y  s t a g e s  of  swel l ing ,  t h e  i n t e r -  
l a y e r  spac ing  i n c r e a s e s  s tepwise  ( C r y s t a l l i n e  swe l l i ng ) ,  S t a b l e  i n t e r l a y e r  
0 d i s t a n c e s  of  about  9 ,5 ,  12,4, 15,4, l 9 , 0 ,  and 22,5 A have been found by 
X-ray d i f f r a c t i o n  These spac ings  a r e  common t o  almost a l l  
-I- i o n i c  forms, However, with s t r o n g l y  hydrated counter  i o n s  such as L i  , 
t h e  s t a g e s  o f  c r y s t a l l i n e  swel l ing  a r e  f i n a l l y  overcome a s  more so lven t  
(water )  molecules a r e  adsorbed, Beyond 40 A', t h e  i n t e r l a y e r  spacing 
i n c r e a s e s  cont inuously,  and t h e  m a t e r i a l  behaved l i k e  a g e l ,  Montmoril- 
~ o n i t e ' ~ '  ) whose i n t e r l a y e r  su r f aces  were covered with methylamine and 
0 g l y c e r o l  showed t h e  i n t e r l a y e r  spacing o f  l 2 , 7  and l 7 , 7  A , r e s p e c t i v e l y ,  
0 This  i n d i c a t e d  t h a t  when an o ~ g a n i c  c a t i o n  about LO A i n  s i z e  having 
more than one c a t i o n i c  group i s  adsorbed on two f ac ing  s u r f a c e s  o f  i n t e r -  
l a y e r ,  t h e  adsorbed organic  may p o s s i b l y  l i m i t  t h e  expanding o f  t h e  
i n t e ~ l a y e r  p lanes ,  The change i n  t h e  i n t e r l a y e r  spacing o f  expanding 
c l a y  minera l s  may a f f e c t  t h e  mob i l i t y  o f  o t h e r  c a t i o n s  on t h e  i n t e r l a y e r  
s u r f a c e ,  and t h u s  a f f e c t  t h e  s e l e c t i v i t y  o f  t h i s  c l a y  minera l  f o r  c e r t a i n  
i no rgan ic  c a t i e n s ,  
( d l  E f f e c t s  of  adsorbed organic  compounds on water-sorpt ion proper- 
t ies  of c l a y  minera l s  
I n  gene ra l ,  when o rgan ic  molecules a r e  adsorbed on a c l a y  
minera l  s u r f a c e ,  adsorbed water on t h e  s u r f a c e  w i l l  be d i sp l aced ,  The 
displacement of  water  molecules from t h e  s u r f a c e  and t h e  covering up of 
t h e  oxygen l a y e r  wi th  t h e  cha in  of t h e  o rgan ic  moleeu$es w i l l  have tend- 
ency t o  a l t e r  t h e  c l a y  su r f ace  from i ts  hydroph i l i c  t o  hydrophobic 
c h a r a c t e r ,  The water-adsorbing p r o p e r t i e s  of  rnontmori l loni te  a r e  grad- 
u a l l y  reduced a s  t h e  b a s a l  su r f aces  of t h e  minera l  a r e  coated with 
o rgan ic  molecules,  Geiseking '33) r epo r t ed  t h a t  when montmor i l lon i te  
c l a y  minera l s  were s a t u r a t e d  wi th  a v a r i e t y  o f  o rgan ic  c a t i o n s ,  t hey  l o s t  
OsuoTzea aye8~our paze~pdy do3 unTparn a8ueyaxa Ae~a 
aq$ $0 sa~adadodd aATzaaTas ayz a3a33e 6em ~gqoydodp6y oz 3~~:ydodpdy 
wod3 a3ejdns 6e~3 aya jo a3uey3 ayJ, OaDejdns TedauTrn 6e-p ayz uo sa~wa 
-aTom ~~ere3ao ayz ja adnzeu ayz pue uoTaedn$es $0 aa~8ap ey$ uo puadap 
TKTM uo~addospe a~ue3do 0% anp spdauy 6e-p 30 sa~adadadd uo;zd~as-~azefi 
u~ uoTzedeaTe ,$o as~aap ayL ouorzd~os dale& dq TTaMs 0% 6suapuaz qaya 
3 ,  MATERIALS AND EXPERIMENTAL PROCEDURE 
J d ,  Mater ia l s  Used 
Since t h e  purpose o f  t h i s  i n v e s t i g a t i o n  was t o  s tudy  va r ious  
i n t e r a c t i o n s  o f  n a t u r a l  and pure o rgan ic  compounds with s o i l  c o n s t i t u e n t s  
and t h e  e f f e c t s  of  t h e s e  i n t e r a c t i o n s  on ion-exchange r e a c t i o n s  between 
c a t i o n i c  r ad ionuc l ides  and s o i l  exchange media, chemicals and s o i l  
m a t e r i a l s  were s o  s e l e c t e d  t h a t  t hey  would be  c l o s e l y  r e l a t e d  t o  t h e  
a c t u a l  s o i l  environmental cond i t i ons  and y e t  s t i l l  be a b l e  t o  demonstrate 
va r ious  i n t e r a c t i o n s  involved i n  t h e  system, 
Due t o  d i f f i c u l t i e s  o f  s e l e c t i n g  uniform and homogeneous s o i l  
m a t e r i a l s  which would g ive  reproducib le  experimental  r e s u l t s ,  r e l a t i v e l y  
pure c l a y  minera l s  were s e l e c t e d  i n s t e a d  o f  s o i l  m a t e r i a l s  f o r  t h i s  i n -  
v e s t i g a t i o n ,  Because t h e  major f r a c t i o n  o f  t h e  ion-exchange p r o p e r t i e s  
of n a t u r a l  s o i l  m a t e r i a l s  i s  probably embodied i n  t h e  c l a y  f r a c t i o n ,  it 
is  common p r a c t i c e  t o  use c l a y  minera l s  i n  t h e  s tudy  o f  t h e  ion-exchange 
p r o p e r t i e s  o f  s o i l s ,  
Because of t h e  unknown complexity of  na tu ra l l y -occu r r ing  
organic  compounds, it is v i r t u a l l y  impossible  t o  s tudy  i n d i v i d u a l  i n t e r -  
a c t i o n s  of n a t u r a l  o rgan ic  compounds, The probable  i n t e r a c t i o n s  were 
s t u d i e d  using s e v e r a l  groups of  c a r e f u l l y  s e l e c t e d  pure  o rgan ic  compounds 
which a r e  known t o  be p r e s e n t  o r  s i m i l a r  t o  t h a t  p r e sen t  i n  t h e  n a t u r a l  
environment, 
3 l l  P r o p e r t i e s  o f  Clay Minerals 
For t h e  m a t e r i a l s  r e p r e s e n t i n g  s o i l s ,  montmor i l lon i te  and 
i l l i t e  were chosen because they  r e p r e s e n t  t h e  l a r g e  f r a c t i o n  o f  c l a y  
minera l s  i n  n a t u r a l  s o i l ,  I t  was hoped t h a t  using two c l a y  mine ra l s  with 
d i f f e r e n t  mine ra log i ca l  c h a r a c t e r i s t i c s ,  t h e  i n d i v i d u a l  p h y s i c a l  f o r c e s  
and parameters  t h a t  govern t h e  ion-exchange p r o p e r t i e s  o f  s o i l s  would be 
i n v e s t i g a t e d ,  Montmorillonite ( M i s s i s s i p p i )  and i l l i t e  ( F i t h i a n ,  Illi- 
n o i s )  used i n  t h i s  i n v e s t i g a t i o n  were ob ta ined  from t h e  I l l i n o i s  S t a t e  
Geological  Survey, The X-ray d i f f r a c t i o n  a n a l y s i s  of t h e s e  c l a y  minera l s  
showed cons iderab le  amounts of  impur i ty ,  The approximate e s t i m a t e  of  t h e  
p u r i t y  from t h e  X-ray d a t a  a r e  summarized on Table 1, 
TABLE 1 
APPROXIMATE PURITY OF CLAY MINERALS USED 
- 
Contents Mis s i s s ipp i  F i t h i a n  
Montmori l loni te  I l l i t e  
; 10 /o 
I l l i t e  0  55% 
C h l o r i t e  0  12% 
Kao l in i t e  5-10% 0  % 
Q u a r t z  and o t h e r  
3  1 1 1. , Montmorillonite 
Montmorillonite c o n s t i t u t e s  one of t h e  most widely 
occu r r ing  c l a y  minera l s ,  The s t r u c t u r e  of  t h e  montmori l loni te  u n i t  con- 
sists of  two s i l i c a  t e t r a h e d r a l  s h e e t s  and a  c e n t r a l  alumina oc t ahed ra l  
s h e e t ,  Montmori l loni te 's  t h e o r e t i c a l  formula (13' is (OH)4Si8A14020-nH20 ; 
however, some f r a c t i o n  of t h e  si4' ions  i n  t h e  l a t t i c e  a r e  r ep l aced  by 
~ 1 ~ '  and M ~ ~ ' ,  Furthermore, t h e  l a t t i c e  is always unbalanced a s  a  r e s u l t  
of  t h e s e  s u b s t i t u t i o n s ,  and has a  n e t  p o s i t i v e  charge de f i c i ency ,  depending 
0 Oxygens 
@ Hydroxyls 
Aluminum, Iron, Magnesium 
O Silicon, occasionally Aluminum e 
FIG. I DIAGRAMATIC SKETCH OF T H E  STRUCTURE 
OF MONTMORILLONITE.  
minera l s ,  most o f  t h e  exchangeable s i t e s  a r e  a t  t h e  edges which a r e  
caused by broken bonds around t h e  edges,  Figure 2 shows a  d iagramat ic  
ske tch  o f  i l l i t e .  
3 1 0 1 3 0  Treatment of Clay Minerals 
Powdered c l a y  mine ra l s  ob ta ined  from t h e  I l l i n o i s  
Geological  Survey contained exchangeable c a t i o n s  i n  many d i f f e r e n t  forms, 
a s  they  would be i n  n a t u r a l  cond i t i ons ,  I n  o rde r  t o  make t h e s e  c l ay  
++ ++ + ++ 
minera l s  monoionic form (Ca , Mg , Na , and S r  ), t h e  c l a y  minera l s  
(montmori l loni te  and i l l i t e )  were f i r s t  r epea t ed ly  s a t u r a t e d  with 1.0 N 
s o l u t i o n s  of CaC12, MgC12, NaC1, and SrCl i n  s e p a r a t e  con ta ine r s ,  f o l -  2  
lowed by washing with demineral ized water  u n t i l  t h e  conduc t iv i t y  measure- 
ments o f  t h e  cen t r i fuged  supe rna t an t s  i n d i c a t e  no f r e e  e l e c t r o l y t e s  
p re sen t  i n  t h e  c l a y  suspensions,  
The p a r t i c l e  s i z e s  l e s s  than  2 p were f r a c t i o n a t e d  from t h e s e  
monoionic c l a y  suspensions by a  c e n t r i f u g e  s e p a r a t i o n  m e t h ~ d ' ~ ~ ) ~  In  
o r d e r  t o  make s u r e  t h e s e  c l a y  minera l  suspensions were i n  monoionic forms, 
t h e s e  c l a y  minera l  suspensions were passed through ion-exchange columns 
packed with Amberlite-120 i n  t h e  corresponding i o n i c  forms, 
The aging e f f e c t s  on t h e  s t a b i l i t y  of  t h e s e  monoionic c l a y  
minera l  suspensions were determined by t h e  p e r i o d i c  measurements of t h e i r  
pH and conduc t iv i t y ,  Whenever t h e  suspension showed h igh  conduc t iv i t y ,  
i n d i c a t i n g  e l u t e d  f r e e  e l e c t r o l y t e s  i n  t h e  suspension,  t h e  c l a y  suspension 
was r e t r e a t e d  t o  t h e  monoionic form, 

3,1,2,  Organic Compounds Used 
3 1 2 1  P w e  Organic Compounds 
I n  t h e  s e l e c t i o n  o f  pure organic  compounds f o r  
t h i s  i n v e s t i g a t i o n ,  an e f f o r t  was made t o  s e l e c t  t hose  o rgan ic  compounds 
which were known t o  be p re sen t  i n  t h e  n a t u r a l  environment and a l s o  t o  
r e p r e s e n t  a  v a r i e t y  of  o rganic  compounds wi th  d i f f e r e n t  chemical and 
p h y s i c a l  p r o p e r t i e s ,  s o  t h a t  t h e  va r ious  i n t e r a c t i o n s  with both c l a y  
mine ra l s  and metal  i ons  would be adequate ly  represen ted ,  The groups o f  
pure organic  compounds used i n  t h i s  i n v e s t i g a t i o n  a r e  s eques t e r ing  agen t s ,  
o rganic  c a t i o n s ,  and p o l a r  o rganic  compounds, 
Sequester ing agents  such a s  c i t r a t e ,  t a r t r a t e ,  and EDTA were 
used t o  s tudy  t h e  i n t e r a c t i o n  o f  t h e s e  o rgan ic  compounds with meta l  i ons  
and t h e  e f f e c t s  o f  t h e  i n t e r a c t i o n s  on t h e  ion-exchange equi l ib r ium be- 
tween t h e  meta l  i ons  and c l a y  minera%s, 
Cat ion ic  and po la r  compounds (methylamine, dodecylamine, 
methylene b lue ,  a r g i n i n e ,  and suc rose )  were used t o  i n v e s t i g a t e  t h e  
adso rp t ion  of t h e s e  organic  compounds on c l a y  minera l  s u r f a c e s  and the i r .  
e f f e c t s  on t h e  ion-exchange p r o p e r t i e s  o f  t h e  c l a y  minera l s ,  The chemical 
and p h y s i c a l  p r o p e r t i e s  o f  t h e s e  pure organic  compounds a r e  summarized on 
Tables  2  and 3 ,  
3,1,2,2,  Mixture of Organic Compounds i n  Natura l  
Environments 
The n a t u r a l l y  occur r ing  o rgan ic  compounds used i n  
t h i s  i n v e s t i g a t i o n  inc lude  o rgan ic s  e x t r a c t e d  from ground water and su r -  
f a c e  s o i l  m a t e r i a l s ,  The organic  compounds e x t r a c t e d  from ground water  
TABLE 2 
CHEMICAL AND PHYSICAL PROPERTIES OF ORGANIC ANIONS ( 3 5 )  
Compound a n d  formula I o n i z a t i o n  C o n s t a n t s  S t a b i l i t y  C o n s t a n t s  of 
Metal C h e l a t e s  
t a r ta r ic  acid, 150.09 
c i t r i c  acid, 192.12 K3=10 -3.08 
HOOC- CH2 Hz C-COOH 
I I 
N - C H ~ - C H ~ - N  ,H4Y K ~ = ~ O  -6.16
I 
I I 
H OOC- CH2 H ~ c - C O O H  K1=10 -10.26 
-12.48 t 
a r g i n i n e ,  174 .21  K1=10 None M 
- ?. -- 

sTedaupm 
Tros qap qseaa$ur d~rpeaa op %eqq spunodmoa a~ue8~o aqq paurequos aaey 
hem s~~os a3egdns dposn eqa wod.~ paqsea%xa s3~ue8ao aq% Bpueq dsqqo aqq 
uo OsTeaaurm Tps q&p laeaa%u: d~peaa asu op aeqz squana~qsuoa a~ue8so 
asoyl u~ qBrq aq oq qsedzxa s~qq pasnea aheq hem qqq~ "aueqs~p amos aoj 
erpam TTos q8nodyq passed peq aaaen punoa8 aqg dog Bauaaagarp qeqAewos 
uaaq aagq hem s%Ded%xa ow asaqq 30 sapaado~d Teapaqa aqL 
Q~~~03 aqq uo paqaospe aq qou pTnsn suoTqea 3~ue8ao aqa qeya 
os 6~08 0% awaen nd eq% aspa 0% sq~eaaxa aya 0% pappe sen HOPN "umn~oa 
a8ueqaxa-uor aya q8wsaqa passed aJaM saaecxaxa aqa aaogag ~suo~ eN qapi + 
pa%edn%es A~sno:haad umn~'o3 a8ueqsxa-uor UE y8no~qa sqaeaaxa ayq ~UTSSB~ 
hq uwoj +eN oauy paaueyaxa aaan spunodwoo a?ue%o TeJnaeu aqq 0% punoq 
h~~earrnaqa uaaq aneq aq8rrn &pya aauaTeh aaq3ry go suor Teqam aqL oaaqeM 
paar-redau-pap au-puna qsup8e paxTTeTp azaA sqseaqxa a-pe2ao aqa suo~ 
Teqam aaag ayq aaomaa o~ ~spunoduoa ~~UPSJO Tedn$eu ayq oq punoq hT~e3 
-rmaqo suor TeTam sr ao saqA~oaqsa~a aaaj se JayaTa sue: Teqarn paureauo3 
d~qeqoad sqseagxa arue2ao Tros ayL OLgaX aaalia uog~n~on aqa jo Trn 00~ dfuo 
TTqun unnsea aapun aOOS Te pa%edodeha seM us~$w~os pada&TTj unoaq yaep ay,L 
"JaaTTj aueaqmam fl ~17~0 e q8noaya uoazedaTTg dq panofToj 6pa8wg~a$uaa aaaa 
safdmes ayq Bsdep o~q dog aTqwq aqq u~ uayeqs 2u~aq aaajy Oasgefi peer 
-Teaauymap go saa%TT c 8u~u~eauos a%q%oq a3aTT-h e u~ paae~d aaafi saqagm 
3upCesap a~qeaaaaa %s paureauo3 yagn feTaaaem %?as go smea8 000~~ d~aqem 
-rxoaddv Oeaae dpoon P moJg pauTeaqo sTeTcxeqem ~~os mq paa3eaTxa aaaA 
spTciaaem $?ss aaP+xws u~ spuwodmos a~ueS~c aTqnTos aaqw aqL 
0196% ur s~our~~~ jo dq~saaa~un "9% %e (9~)~~' 
-urqox ~q dq paaanpnoa sauauyaedxa ey% u~ pasn asoya 50 uorar~sd eaaan 
I t  should be noted,  however, t h a t  a s  a  r e s u l t  of t h e  i n e f f i c i e n t  
e x t r a c t i o n  method used i n  t h i s  i n v e s t i g a t i o n  t h e s e  o rgan ic  e x t r a c t s  repre-  
sen ted  only a  f r a c t i o n  of t h e  probable c o n s t i t u e n t s  of  t h e  n a t u r a l  o rganic  
compounds, 
3 , 2 ,  Experimental Procedure 
3,2,1,  Ana ly t i ca l  Methods and Equipment 
In a l l  experiments r e a c t i o n s  were c a r r i e d  o u t  i n  6-ounce 
(180 ml) ,  Armstrong p r e s c r i p t i o n  b o t t l e s ,  The b o t t l e s  conta in ing  50 m l  
of s o l u t i o n  were a g i t a t e d  f o r  7 t o  1 8  hours ,  which was found experimen- 
t a l l y  t o  be s u f f i c i e n t  f o r  equi l ibr ium t o  be  reached,  by tumbling end- 
over-end on a  mixing wheel a t  a  speed of  5-10 rpm, Af te r  equi l ibr ium was 
reached,  30 m l  of  t h e  s o l u t i o n  were t r a n s f e r r e d  i n t o  a  p l a s t i c  cen t r i fuge  
tube  f o r  phase sepa ra t ion  and chemica l , ana lys i s ,  The remaining volume 
was used f o r  t h e  measurement of t h e  f i n a l  pH o f  t h e  s o l u t i o n ,  
Because t h e  concen t r a t ions  of  samples involved i n  t h e  exper i -  
ments were t o o  low f o r  convent ional  chemical ana lyses ,  whenever p o s s i b l e  
r a d i o t r a c e r  techniques  were employed, i n  which one o r  more o f  c o n s t i t u e n t s  
were l a b e l l e d  with r a d i o t r a c e r s  of  t h e  very same chemical compounds, By 
t h e  combination of  t h e  radfoassay  a n a l y s i s  of  t h e  s o l u t i o n  phase and an 
o v e r a l l  m a t e r i a l  balance,  t h e  d i s t r i b u t i o n s  o f  va r ious  c o n s t i t u e n t s  of 
t h e  system were analyzed, 
For a l l  t h e  experiments involv ing  s t ront ium ion ,  t h e  s o l u t i o n s  
were l a b e l l e d  wi th  t h e  gamma-emitting r ad io i so tope ,  srB5. The s t ront ium 
ion  concen t r a t ions  i n  t h e  s o l u t i o n  phase were determined by counting 10-mT 
samples i n  p l a s t i c  counting tubes  with a gamma s c i n t i l l a t i o n  counter ,  
Whenever p o s s i b l e  pure  organic  chemicals  used f o r  r e a c t i o n  
14  
s t u d i e s  were a l s o  l a b e l l e d  with C r a d i o t r a c e r  o f  t h e  very same compounds, 
The organic  concent ra t ion  i n  t h e  s o l u t i o n  phase was determined by count ing 
t h e  c14 a c t i v i t y  o f  t h e  s o l u t i o n  wi th  a l i q u i d  s c i n t i l l a t i o n  counter .  The 
samples t o  be  counted by t h e  l i q u i d  s c i n t i l l a t i o n  coun te r  were prepared by 
d i s s o l v i n g  3 m l  o f  aqueous samples i n t o  15  m l  of  t h e  s c i n t i l l a t i o n  l i q u i d ,  
The s c i n t i l l a t i o n  l i q u i d  was prepared by d i s s o l v i n g  7 grams of . 
PPO ( 2 , 5 , - ~ i ~ h e n y l o x a z o l e ) ,  0,28 grams of POPOP (p-bis(2-(5-phenylox- 
azoly1))-benzene) ,  and 75 grams of naptha lene  i n  t h e  mixture  of  875 m l  
dioxane and 125 m l  Ce l loso lve  ( e thy l ene  g l y c o l  monoethyl e t h e r ) ,  This 
composition of t h e  s c i n t i l l a t i ~ n  l i q u i d  was exper imenta l ly  determined t o  
g i v e  t h e  b e s t  e f f i c i e n c y  ( 4 6 % )  f o r  3 m l  of  aqueous sample i n  15  m l  of  t h e  
l i q u i  d o  
3 ,2 ,2 ,  Ion-Exchange React ions 
3,2,2,9,  Exchange Capaci ty  
Ion-exchange capac i ty  i s  one of  t h e  most important 
parameters  governing t h e  ion-exchange e q u i l i b r i a  of c l a y  mine ra l s ,  The 
knowledge o f  t h e  exchange capac i ty  i s  ind i spensab le  f o r  t h e  eva lua t ion  of 
t h e  ion-exchange equi l ib r ium between c l a y  minera l s  and va r ious  counter  
i ons ,  I n  gene ra l ,  r epo r t ed  ion-exchange c a p a c i t i e s  a r e  known t o  vary 
according t o  t h e  l abo ra to ry  procedure employed t o  determine them, and 
t h e r e f o r e  a method should be chosen d u p l i c a t i n g  a s  n e a r l y  a s  p o s s i b l e  t h e  
a c t u a l  cond i t i ons  of t h e  system t o  which t h e  r e s u l t s  a r e  t o  have app l i ca -  
t i o n ,  
A method of  a c t u a l  exchange o f  counter  i ons  wi th  t h e  rad io-  
i s o t o p e  of concern was employed i n  t h i s  i n v e s t i g a t i o n .  However, f o r  
comparative purposes ,  o t h e r  methods such a s  t h e  ammonium a c e t a t e  
metliod (379  38' and t h e  methylene b lue  method (39)  were a l s o  used. The 
method f o r  t h e  de te rmina t ion  of  ion-exchange c a p a c i t y  used i n  t h i s  inves  
+ + t i g a t i o n  i s  p r imar i l y  based on t h e  exchange of  S r  i on  on Sr-clay 
8 5  
minera l s  by t h e  r ad io i so tope ,  S r  When Sr-clay minera l s  a r e  added t o  a  
++ o 8  5  o 
soEu t i  on con ta in ing  S r  (mSr) and S r  (cpm ), i s o t o p i c  replacement w i l l  
++ 
occur  u n t i l  t h e  i s o t o p i c  r a t i o  ( s r a 5 / s r  ) i s  t h e  same i n  bo th  t h e  ex- 
changer and t h e  s o l u t i o n  phases.  Knowing t h e  t o t a l  ~r~~ (cpmO) added 
++ i n t o  t h e  system, t h e  amounts of S r  i n  t h e  exchanger phase a r e  determined 
from t h e  fol lowing r e l a t i o n s h i p ,  
Equation (3-11 may a l s o  be w r i t t e n  i n  t h e  form, 
where (cpmO) and (cpm ) r e f e r  t o  t h e  sra5 a c t i v i t i e s  of t h e  t o t a l  and 
S 
s o l u t i o n  phase,  r e s p e c t i v e l y ,  
I f  t h e  r a t i o  o f  t h e  r a d i o a c t i v i t y  i n  t h e  exchange phase t o  t h a t  
0 i n  t h e  s o l u t i o n  phase (cpm /cpms - l o o )  is  t o  be p l o t t e d  a s  a  func t ion  of 
t h e  va lue  o f  l , O / m S , ,  t h e  form of Equation (3-2) is a  s t r a i g h t  l i n e  whose 
s l o p e  is F From t h e  known va lue  of  m and r ad ioas say  d a t a ,  t h e  S r  " S r  
exchange c a p a c i t i e s  a r e  determined, 
In  t h e  de te rmina t ion  o f  exchange c a p a c i t i e s ,  0,05 t o  0 ,2  grams 
of monoionic Sr-clay minera l s  (montmori l loni te  and i l l i t e )  were e q u i l i -  
b r a t ed  wi th  50 m l  o f  Sr(N03)2 s o l u t i o n  l a b e l l e d  wi th  ~ r * ~ .  The exchange 
+ + 
c a p a c i t i e s  were determined a s  a  func t ion  of S r  concen t r a t i on  varying 
+ + from 1 x 1 0 ~ ~  t o  ~ x ~ o - ~ N .  A t  t h e  h ighe r  concen t r a t i on ,  S r  i n  t h e  ex- 
changer phase becomesinsignif icant  compared t o  t h e  s o l u t i o n  concen t r a t i on ,  
and hence t h e  accuracy o f  t h e  de te rmina t ion  i s  reduced, 
3 ,2 ,2 ,2 ,  Equi l ibr ium Constants  
For t h e  p r e d i c t i o n  of t h e  d i s t r i b u t i o n  and t r a n s -  
p o r t  of r ad ionuc l ides  disposed t o  an environment, knowledge o f  equi l ib r ium 
r e a c t i o n s  between t h e s e  r ad ionuc l ides  and s o i l  m a t e r i a l s  i s  e s s e n t i a l ,  I n  
t h i s  i n v e s t i g a t i o n ,  an e f f o r t  was made t o  apply t h e  va r ious  ion-exchange 
t h e o r i e s  f o r  eva lua t ing  t h e  most r e l i a b l e  equi l ib r ium c o n s t a n t s ,  
The ion-exchange r e a c t i o n s  performed f o r  t h e  eva lua t ion  of t h e  
+ + 
equi l ib r ium cons t an t s  included t h e  r e a c t i o n  i n  which ( 1 )  S r  i ons  a r e  
++ ++ ++ ++ 
r ep l ac ing  Ca ions ,  ( 2 )  S r  i o n s  a r e  r e p l a c i n g  Mg i o n s ,  and ( 3 )  Sr  
+ i o n s  a r e  r e p l a c i n g  Na ions  on both montmori l lonfte  and i l l i t e  minera l s ,  
I n  o r d e r  t o  examine t h e  r e v e r s i b i l i t y  of t h e  exchange r e a c t i o n s ,  
a l l  t h e  e q u i l i b r i a  were approached from both d i r e c t i o n s ,  For t h e  d e t e r -  
++ 
minat ion of  t h e  equi l ib r ium cons t an t  f o r  t h e  r e a c t i o n  where S r  i ons  
were competing with cat+ ion  f o r  exchange s i t e s  on t h e  c l a y  minera l ,  both 
Ca-clays and Sr-clays were used, S i m i l a r l y ,  Mg-clays and Sr -c lays ,  and 
Na-clays and Sr-clays were used f o r  t h e  de te rmina t ion  of t h e  equi l ib r ium 
++ + 9 
cons t an t s  f o r  t h e  r e a c t i o n s  where Sr  i ons  were competing with Mg i o n s  
++ .I. 
and where Sr ions were competing with Na ions for the exchange sites 
on clay minerals, 
The equilibrium constants were determined as a function of the 
counter ion concentrations at room temperature, For the determination of 
++ the equilibrium constants for the reaction where Sr ions were replacing 
~a*' on Ca-clay minerals, the initial concentrations of strontium and 
o o - 6 
calcium ions (m and rn 1 were varied from 10 to N o  The maximum Sr Ca 
concentration was limited by the fact that at higher concentration, the 
radioassay analysis became difficult, The concentration distribution of 
the counter ions in the liquid phase was determined by counting 10 ml of 
the centrifuged aqueous sample with a gamma-scintillation counter, 
When a Ca-clay was used for the determination of the equilibrium 
99 
constant for the reaction in which the counter ions Ca and Sr++ were in 
equilibrium with the clay minerals, the concentration distributions of 
the counter ions were determined from the following relationships, 
0 0 
where m m and C,E,C, are the concentrations of strontium, calcium, SrD Cas 
- 
and Ca-clay initially added to the system, and m m m and are Ca' S r V a s  Sr 
8 5 t h e  f i n a l  concen t r a t i on  d i s r r i h u t i o n s ,  cpms r e f e r s  t o  t h e  S r  a c t i v l - y  
of t h e  f i n a l  s o l u t i o n  phase,  while cpmo i s  t h e  t o t a l  sro5 a c t i v i t y  of  t h e  
system, 
By r e w r i t i n g  Equation ( 3 - 3 )  i n  terms o f  t h e  r ad ioas say  da ta ,3  
t h e  fol lowing r e l a t i o n s h i p s  were ob ta ined ,  
which g ive  t h e  complete concent ra t ion  d i s t r i b u t i o n  of t h e  counter  i ons ,  
~r" and caft, i n  both t h e  exchanger. and s o l u t i o n  phases.  The cqrrilibriuni 
cons t an t  f o r  t h e  system conta in ing  o t h e r  p a i r s  of  counter  i ons  were 
determined i n  a similar manner, 
3 , 2 , 2 . 3 ,  Equil ibr ium React ions of  Heterogeneous Clay 
Mixtures 
A s  mentioned i n  Sec t ion  2,4., when t h e  s o i l  ex- 
change medium is a mixture  o f  c l a y  minera l s  o r  a  mixture  o f  d i f f e r e n t  
t ypes  of  exchange s i t e s ,  t h e  equi l ib r ium cons t an t s  depend on t h e  exper i -  
mental  condi r ions .  
Experiments were performed with a  mixture  o f  montmori l loni te  
and i l l i - t e  t o  examine t h e  e f f e c t s  o f  nonhomogenei-ty o f  , the exchange media; 
+ 3. + + For t h e  ion-exchange r e a c t i o n  i n  which S r  i o n s  were r e p l a c i n g  Mg i o n s  
on t h e  m i x t u r e  o f  Mg-montmorillonite and M g - i l l i t e ,  t h e  e q u i l i b r i u m  con- 
s t a n t s  were determined as a f u n c t i o n  o f  t h e  c o u n t e r  i o n  c o n c e n t r a t i o n ,  
- 
The e f f e c t i v e  e q u i l i b r i u m  c o n s t a n t s ,  K were e x p e r i m e n t a l l y  determined SrMg ' 
u s i n g  Equat ion (2-221, These v a l u e s  were compared w i t h  t h e  e f f e c t i v e  
e q u i l i b r i u m  c o n s t a n t  computed from Equat ion (2-231, The e q u i l i b r i u m  con- 
+ + + 
s t a n t s  f o r  t h e  exchange between S r  and Na were a l s o  i n v e s t i g a t e d  w i t h  
v a r i o u s  compos i t ions  o f  t h e  m i x t u r e ,  The e x p e r i m e n t a l  p rocedure  was 
s i m i l a r  t o  t h a t  d e s c r i b e d  i n  S e c t i o n  3 , 2 , 2 , 2 ,  
3 , 2 , 2 , 4 ,  Ion-Exchange Equi l ib r ium i n  a  Wulticomponent System 
When a t r a c e  q , u a n t i t y  o f  r a d i o a c t i v e  s t r o n t i u m  i o n  
comes i n  c o n t a c t  wi th  s o i l  m a t e r i a l s ,  s t r o n t i u m  i o n s  w i l l  compete f o r  t h e  
exchange s i t e s  on t h e  s o i l s  wi th  a  number o f  o t h e r  g r o s s  c a t i o n s  p r e s e n t  
i n  t h e  system, Var ious  ion-exchange t h e o r i e s  have been found s a t i s f a c t o r y  
f o r  desc r ib ing ,  ion-exchange r e a c t i o n s  i n v o l v i n g  a  p a i r  of' c o u n t e r  i o n s ,  
However, a  t h e o r y  w i l l  have l i t t l e  p r a c t i c a l  v a l u e  i f  i t s  a p p l i c a t i o n  i s  
Limited t o  a system having o n l y  one p a i r  o f  c a t i o n s ,  Use of t h e  mass- 
a c t i o n  e x p r e s s i o n  (wi thou t  a c t i v i t y  c o r r e c t i o n s )  f o r  d e s c r i b i n g  t h e  equ i -  
Eihrium c o n d i t i o n s  o f  a mul-ticomponent sys tem was p r e v i o u s l y  d i s c u s s e d  i n  
S e c t i o n  2 , 5 ,  The a p p l i c a t i o n  o f  t h e  mass-act ion e x p r e s s i o n s  f o r  a m u l t i -  
component system was nex t  s u b j e c t e d  t o  e x p e r i m e n t a l  t e s t ,  
Experiments were performed t o  examine t h e  ion-exchange r e a c t f o n s  
++ ++ Q ++ i n  a multicomponent system c o n t a i n i n g  Ca , Mg , Na , and S r  Applying 
t h e  simuEtaneous e q u a t i o n s  (2-24) d e s c r i b e d  i n  S e c t i o n  2 , 5 ,  t h e  - s t r o n t i u m  
con ion  i n  t h e  s o l u t  ion  phase can he shown t o  be,  
0 0 0 
where m m m and m0 a r e  t h e  t o t a l  concen t r a t i ons  of  t h e s e  c a t i o n s  Ca9 Mgs Na9 S r  
added t o  t h e  system, and C,E,C, is t h e  amount of  Ca-clay added t o  t h e  
system, 
+ + The experimental  d a t a  f o r  S r  d i s t r i b u t i o n  i n  t h e  system were 
compared with t h e  va lue  computed from Equation (3 -5 ) ,  
3,2,2,5, pH Ef fec t s  on Ion-Exchange E q u i l i b r i a  
En gene ra l ,  t h e  exp re s s ions  f o r  t h e  mass-action 
law have been found s a t i s f a c t o r y  f o r  t h e  exchange between a  l a r g e  number 
of  ion  p a i r s  over  wide v a r i a t i o n  i n  ion  concen t r a t i on  and i n  va r ious  
amounts o f  exchange media; however, a  no t ab l e  except ion  was encountered 
+ i n  i o n  p a i r s  involv ing  hydrogen, H . Krishnamoorthy and Over s t r ee t  ( 2 4  
found t h a t  t h e  equi l ib r ium cond i t i ons  involv ing  hydrogen ions  can n o t  be 
p r e d i c t e d  by any theo ry  proposed t h u s  f a r ,  A p o s s i b l e  reason  f o r  t h e  
behavior  o f  hydrogen may be found i n  t h e  fundamental assumptions necessary  
f o r  formula t ion  o f  any ion-exchange equa t ion ,  Most important  of t h e s e  is 
t h e  assuri~ption t h a t  e i t h e r  t h e  s p e c i f i c  i n t e r a c t i o n  e n e r g i e s  o f  t h e  ion 
i n  ques t i on  wi th  t h e  charged su r f ace  ( c l a y  s u r f a c e )  a r e  cons t an t  over  a  
wide va.r ie ty  of  cond i t i ons ,  o r  t h e i r  d i f f e r e n c e s  f o r  a  chosen p a i r  of  
i ons  i s  cons t an t ,  Unless t h i s  cond i t i on  i s  f u l f i l l e d  no ion-exchange 
formula t ion  based on concent ra t ion  terms i s  p o s s i b l e ,  For p a i r s  o f  i ons  
which i n t e r a c t  wi th  t h e  su r f ace  by pu re ly  e l e c t r o s t a t i c  f o r c e s ,  t h i s  
assumption appears  reasonable  ( a s  w i l l  be d i scussed  i n  a  l a t e r  s e c t i o n ) .  
On t h e  o t h e r  hand, f o r  i ons  t h a t  may be he ld  t o  t h e  s u r f a c e  by o t h e r  
chemical bonds a s  w e l l  a s  by e l e c t r o s t a t i c  f o r c e s ,  it seems t h a t  t h e  
i n t e r a c t i o n  w i l l  depend on t h e i r  amounts i n  t h e  s o l i d  exchanger phase,  
For t h e  purpose of  examining t h e  e f f e c t s  of  hydrogen ion on t h e  
ion-exchange parameters of  c l a y  mine ra l s  used i n  t h i s  i n v e s t i g a t i o n ,  t h e  
++ ++ ++ ++ ion-exchange r e a c t i o n s  of  t h e  counter  ion  p a i r s  S r  -Ca and S r  -Mg 
i n  t h e  presence of  hydrogen ions  were i n v e s t i g a t e d ,  Poss ib l e  i n t e r a c t i o n s  
of  hydrogen ion  o t h e r  t han  an i o n  exchange r e a c t i o n  were examined by 
t e s t i n g  t h e  equiva lence  of  adsorbed hydrogen and e l u t e d  s t ron t ium ion  i n  
+ + -r= t h e  r e a c t i o n  where t h e  p a i r  o f  i o n s ,  S r  and H , were i n  equi l ib r ium 
wi th  Sr-clay minera l s ,  The s t ron t ium i o n s  removed from t h e  SF-clay 
minera l s  by hydrogen i o n s  were computed from t h e  fo l lowing  r e l a t i o n s h i p s ,  
t+ - 0 Elu ted  S r  - m - m S r  Sr  
+ 0 Disappeared H i ons ,  AH' = rn - m H H 
pH1 = - l og  m H ( 3-6d) 
10-l~ Disappeared OH- i o n s ,  AOH- = - - 
Here m and m r e p r e s e n t  t h e  f i n a l  concen t r a t i ons  o f  s t ron t ium and S r  H 
0 0 0 hydrogen i o n s  i n  t h e  s o l u t i o n  phase,  and m m and m r e p r e s e n t  t h e  Sr '  H' OH 
i n i t i a l  amounts of s t ron t ium,  hydrogen, and hydroxyl i ons  added t o  t h e  
system, 
3,2,2,6,  E f f ec t s  of  Sequester ing Agents on Ion-Exchange 
Reactions of Clay Minerals 
Many organic  anions which commonly occur  i n  
n a t u r a l  water (40) ,  a s  wel l  a s  i n  s o i l s ,  form s t a h l e  c h e l a t e s  with meta l  
i o n s ,  Among t h e s e  r eagen t s  may be l i s t e d  c i t r a t e ,  t a r t r a t e ,  mala te ,  
high-molecular-weight o rganic  an ions  with polycarboxyl groups,  and va r ious  
amino a c i d  an ions ,  The exac t  n a t u r e  o f  t h e s e  n a t u r a l  s eques t e r ing  agen t s  
i s  no t  always known, These organic  l i g a n d s  ( s eques t e r ing  agen t s )  a r e  
be l i eved  t o  be e i t h e r  t h e  s y n t h e s i s  p roducts  of  microorganisms o r  hac- 
t e r i a l  decay products  o f  vege tab le  m a t t e r  i n  s o i l s ,  
A s  a  r e s u l t  of t h e  unknown complexity o f  t h e i r  composition, it 
is  impossible  t o  examine i n d i v i d u a l  i n t e r a c t i o n s  involved with s eques t e r -  
i ng  agen t s  i n  o rgan ic  mixture  ob ta ined  from n a t u r a l  environment, The 
s p e c i f i c  i n t e r a c t i o n s  of  t h e  va r ious  s eques t e r ing  agen t s  with me ta l  i ons  
and t h e i r  e f f e c t s  on t h e  ion-exchange r e a c t i o n s  between me ta l  i ons  and 
s o i l  m a t e r i a l s  were s t u d i e d  using chemical ly  pure s eques t e r ing  agents .  
These s eques t e r ing  agen t s  i nc lude  c i t r a t e ,  t a r t r a t e  and EDTA 
( e thy l ened iamine t e t r aace t i c  a c i d ) ,  
The e f f e c t s  of t h e s e  s eques t e r ing  agen t s  on t h e  equi l ib r ium 
++ ++ ++ ++ d i s t r i b u t i o n  of t h e  var ious  counter  ion  p a i r s  ( S r  -Ca , S r  -Mg 
+f ++ ++ + S r  -Zn , and S r  -Na ) i n  equi l ib r ium wi th  c l a y  mine ra l s  were i n v e s t i -  
ga t ed  a t  concen t r a t i ons  of t h e s e  r e a g e n t s  varying from a  t r a c e  q u a n t i t y  
t o  t h a t  approximately equiva len t  t o  twice  t h e  t o t a l  meta l  i ons  i n  t h e  
system, 
The seques t e r ing  agents  were l a b e l l e d  wi th  carbon14 t r a c e r s  
t o  determine t h e i r  concen t r a t i on  d i s t r i b u t i o n  by a  r ad ioas say  a n a l y s i s ,  
The adsorp t ion  o f  t h e  l i gands  on c l a y  s u r f a c e  was computed from t h e  
r ad ioas say  da t a ,  
3,2,2,7, E f f e c t s  of  Adsorbed Organic Compounds on Ion- 
Exchange React ions of  Clay Minerals  
The probable  e f f e c t s  o f  adsorbed o rgan ic  compounds 
on t h e  ion-exchange p r o p e r t i e s  of c l a y  mine ra l s  were d i scussed  i n  Sec t ion  
2 , 6 , 2 ,  A v a r i e t y  o f  o rganic  compounds with d i f f e r e n t  p h y s i c a l  and chemi- 
cab  p r o p e r t i e s  were used f o r  t h e  i n v e s t i g a t i o n  of t h e i r  e f f e c t s  on t h e  
ion-exchange p r o p e s t i e s  of c l a y  minera l s ,  These o rgan ic  compounds may be 
f u r t h e r  d iv ided  i n t o  f o u r  groups, each having i t s  t y p i c a l  p r o p e r t i e s :  
( a )  monocationic amine compounds (methylamine and dodecylamine), ( b )  a  
s t rong  c a t i o n i c  compound (methylene b l u e ) ,  ( c )  a  p o l y c a t i o n i c  compound 
( a r g i n i n e ) ,  and ( d )  a  p o l a r  o rganic  compound ( suc rose ) ,  
The probable  e f f e c t s  of t h e s e  o rgan ic  compounds on t h e  ion- 
exchange p r o p e r t i e s  of c l a y  minera l s  were s t u d i e d  by t h e  comparison o f  
++ ++ ++ ++ t h e  equi l ib r ium d i s t r i b u t i o n  of counter  i o n  p a i r s  ( S r  -Ca , S r  -Mg 
++ + 
and S r  -Na i n  two systems, one i n  which t h e  counter  i ons  were i n  equi-  
- 
Sib r iu~n  with c l a y  minera l s  on ly  and t h e  o t h e r  i n  which t h e  counter  i ons  
were i n  equi l ib r ium with c l a y  minera l s  i n  t h e  presence  of t h e s e  o rgan ic  
compounds, 
( a )  Methylamine and Dodecylamine 
Monocationic amine compounds, methylamine and dodecylamine, 
were used t o  s tudy  t h e  e f f e c t s  of t h e s e  o rgan ic  compounds a s  a  func t ion  
of t h e  o rgan ic  cha in  s i z e s  and concent ra t ions .  From t h e  r e a c t i o n s  i n  
which ~ r + +  ions  on Sr-clay minera l s  were being r ep l aced  by t h e s e  organic  
c a t i o n s ,  t h e  r e l a t i v e  s e l e c t i v i t i e s  o f  t h e  c l a y  minera l s  f o r  t h e s e  
o rgan ic  c a t i o n s  with r e s p e c t  t o  ~ r + +  ions  were i n v e s t i g a t e d ,  The e f f e c t s  
o f  t h e s e  o rgan ic  compounds on t h e  ion-exchange r e a c t i o n s  of va r ious  
counter  ion  p a i r s  were examined a s  a  func t ion  of  t h e  o rgan ic  concen t r a t i on  
-5 -3 
varying from 10 t o  10 N, which i n  terms of  mi l l ig rams  p e r  l i t e r  i s  
++ 0,31  t o  31  mg/l f o r  methylamine, The concen t r a t i on  d i s t r i b u t i o n  of S r  
i o n s  and o rgan ic  compounds were determined by t h e  t r a c e r  technique  us ing  
14 sra5 and C l a b e l l e d  compounds. 
( b )  Methylene Blue 
Because of t h e i r  s t rong  c a t i o n i c  c h a r a c t e r i s t i c s ,  methylene b l u e  
i o n s  a r e  i r r e v e r s i b l y  adsorbed on c l a y  minera l s  and cannot be  e l u t e d  from 
t h e  c l a y  s u r f a c e  by any ino rgan ic  c a t i o n  i n  reasonable  concen t r a t i on ,  
Methylene b lue  i ons  were used t o  b lanke t  va r ious  p o r t i o n s  o f  t h e  exchange 
sites on c l a y  minera l s  and t o  s tudy t h e  e f f e c t s  o f  t h i s  covering up on 
t h e  ion-exchange r e a c t i o n s  of  t h e s e  c l a y  minera l s  with va r ious  c a t i o n  
p a i r s .  The monoionic c l a y  minera l s  whose su r f aces  were covered with 
methylene b lue  i ons  (20%, 40%, GO%, and up t o  80%) were sub jec t ed  t o  
r e a c t i o n s  with va r ious  counter  i on  p a i r s ,  and t h e  equi l ib r ium cons t an t s  
were c a l c u l a t e d  based on t h e  uncovered exchange s i t e s ,  The e f f e c t s  of 
t h e  presence o f  t h e  l a r g e  o rgan ic  molecules ,  t h a t  i s ,  methylene b lue  i ons  
adsorbed on t h e  b a s a l  p lane  su r f aces  of  t h e  c l a y  minera l s ,  on t h e  ion- 
exchange p r o p e r t i e s  o f  t h e s e  c l a y  minera l s  were i n v e s t i g a t e d ,  The change 
i n  t h e  s e l e c t i v i t y  of  t h e  c l a y  minera l s  f o r  va r ious  counter  i ons  due t o  
t h e  adso rp t ion  of methylene b lue  i o n s  was i n v e s t i g a t e d  a s  a func t ion  of 
t h e  p o r t i o n  of  t h e  covered up su r f aces .  
( c )  Arginine 
The a r g i n i n e  molecule has  two c a t i o n i c  groups which may be 
adsorbed on t h e  two f ac ing  s u r f a c e s  of t h e  b a s a l  p l anes ,  and thereby ,  
l i m i t  t h e  c-spacing of expanding c l a y  minera l s  (montmor i l lon i te )  by a  
b r idg ing  e f f e c t ,  The f i x a t i o n  of  t h e  c-spacing of  expanding c l a y  minera l s  
may a f f e c t  t h e  mob i l i t y  of t h e  i no rgan ic  counter  i ons  between t h e  f a c i n g  
l a y e r  s u r f a c e s ,  The ion-exchange r e a c t i o n s  of c l a y  minera l s  with va r ious  
counter  i ons  i n  t h e  presence o f  a r g i n i n e  molecules were s t u d i e d  t o  inves-  
t i g a t e  t h e  e f f e c t s  of  c-spacing f i x a t i o n  of  expanding c l a y  minera l s ,  The 
t 
equ i l i b r ium d i s t r i b u t i o n  of t h e  counter  ion  p a i r s ,  s ~ " - M ~ ~ '  and srtt-1ta 
i n  equi l ib r ium with c l a y  minera l s  whose s u r f a c e s  were p a r t i a l l y  covered 
wi th  a r g i n i n e  molecules were examined a s  a  func t ion  o f  t h e  a r g i n i n e  con- 
c e n t r a t i o n ,  
( d )  P o l a r  compound, Sucrose 
The adso rp t ion  of  po l a r  o rgan ic  compounds on c l a y  su r f ace  may 
n o t  a f f e c t  t h e  charge d i s t r i b u t i o n  o f  t h e  s u r f a c e ;  however, it may a f f e c t  
o t h e r  p r o p e r t i e s  governing t h e  ion  exchange r e a c t i o n  of t h e s e  c l a y  
minera l s ,  The e f f e c t s  of p o l a r  compounds on t h e  ion-exchange equi l ib r ium 
++ ++ ++ between c l a y  minera l s  and t h e  counter  i on  p a i r s ,  S r  - M ~ + +  and S r  -Ca 
were i n v e s t i g a t e d  with sucrose  a s  t h e  p o l a r  compound, The adso rp t ion  o f  
suc rose  molecules on c l a y  su r f aces  was determined by r ad ioas say  a n a l y s i s  
of  t h e  c14 a c t i v i t y  of  t h e  s o l u t i o n  phase.  The amounts o f  adsorbed 
14 
sucrose  molecules were c a l c u l a t e d  from t h e  d i f f e r e n c e  of  C a c t i v i t i e s  
i n  t h e  t o t a l  system and t h e  s o l u t i o n  phase,  The experiments were per- 
formed t o  examine t h e  e f f e c t s  of suc rose  on changes i n  i no rgan ic  counter  
ion  d i s t r i b u t i o n  i n  t h e  presence of suc rose ,  
3,2,2,8, E f f e c t s  of  Natura l  Organic Compounds on Ion- 
Exchange React ions of  Clay Minerals 
The n a t u r a l  o rgan ic  compounds used i n  t h i s  investim- 
g a t i o n  included water-soluble  o rgan ic  compounds e x t r a c t e d  from both ground 
water  and woody su r f ace  s o i l s ,  
The experiments with t h e s e  o rgan ic  e x t r a c t s  were performed i n  a 
s i m i l a r  manner a s  t hose  wi th  pure o rgan ic  compounds; however, due t o  t h e  
unknown compositions and d i f f i c u l t i e s  wi th  t h e  chemical ana lyses  of t h e s e  
e x t r a c t s ,  t h e  d i s t r i b u t i o n  of t h e  e x t r a c t s  i n  t h e  system was no t  analyzed. 
The e f f e c t s  of  t h e  e x t r a c t s  on ion-exchange r e a c t i o n s  o f  c l a y  minera l s  were 
i n v e s t i g a t e d  on t h e  b a s i s  of t h e  t o t a l  o rgan ic  added i n t o  t h e  system. The 
++ ++ ++ ++ ion-exchange r e a c t i o n s o f  t h e  counter  i on  p a i r s ,  S r  -Ca , S r  -Mg , and 
++ + S r  -Na , i n  equi l ib r ium with c l a y  minera l s  were s t u d i e d  i n  t h e  presence 
of t h e s e  e x t r a c t s ,  The e f f e c t s  of t h e  e x t r a c t s  were examined i n  terms of 
t h e  change i n  t h e  counter  ion  d i s t r i b u t i o n s ,  
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I t  i s  apparent  from t h e  curves  shown i n  Fig.  3  t h a t  t h e  va lues  
++ 
of t h e  exchange c a p a c i t i e s  do no t  change i n  t h e  range of  S r  concentra-  
t i o n  used, In  t h e  ca se  o f  t h e  i l l i t e  minerals , . ' two ba t chs  prepared 
s e p a r a t e l y  showed d i f f e r e n t  va lues  f o r  t h e  c a p a c i t i e s ,  This  probably 
r e s u l t e d  from t h e  f a c t  t h a t  t h e  i l l i t e  mine ra l s  which had been sub jec t ed  
t o  more s t e p s  of  t h e  centrifuge-resuspension c y c l e s  dur ing  t h e  t rea tment  
process  might have been broken down t o  f i n e r  p a r t i c l e s  by t h e  high speed 
r o t a r y  b lade  o f  t h e  suspension equipment, The dependence of i l l i t e  ex- 
change capac i ty  on i t s  p a r t i c l e  s i z e  was a l s o  r epo r t ed  by G r i m  (13)  0 
For comparison, t h e  exchange c a p a c i t i e s  were a l s o  determined by 
t h e  ammonium a c e t a t e  method and t h e  methylene b lue  method d i scus sed  i n  
Sec t ion  3 ,2 ,2 ,1 ,  The r e s u l t s  a r e  summarized i n  Table 5, 
TABLE 5 
EXCHANGE CAPACITIES OF CLAY MINERALS 
?ite - - I l l i t e  
C , E o C ,  2 s o d o  Sample C,E,C, 5 s o d ,  Sample 
++ S r  exchange 69,O 2 1 , 9  2 0 17,7 * 0,64 20 
Ammonium a c e t a t e  71,O 2 2,,5 12  18,,1 lol 12 
MethyEene b lue  75,2 2 2,3 12 22,5 U 1 , 3  12 
A f a i r  agreement was observed between t h e  ammonium a c e t a t e  
+ + 
method and t h e  S r  exchange method, However, t h e  exchange capac i ty  
determined by methylene b lue  adsorp t ion  was g e n e r a l l y  10 t o  20% g r e a t e r  
t han  those  o f  t h e  o t h e r  methods, This  probably is due t o  t h e  monoionic 
adso rp t ion  o f  methylene b lue  i n  a d d i t i o n  t o  t h e  i o n i c  adso rp t ion ,  There 
was a l s o  u n c e r t a i n t y  i n  t h e  i o n i c  p u r i t y  of  methylene b lue  used ( F i s h e r  
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FIG. 4 EFFECTS O F  H+ AND OH- IONS O N  EXCHANGE 
CAPACITY O F  CLAY MINERALS.  
PH 
3.73-7.45 
4.10-7.30 
Clay added 
Sr-Mont .=la 0x10 -3 
Sr-Ill. =4.4x10 
0 ~ ~ a d d e d  
0-1.6~10-~ 
0-1.6~10-~ 
a 
b 
s r+'added 
4 x 1 0 ~ ~  
2x1~-4 
 added 
0 - 4 x 1 0 ~ ~  
0 - 4 ~ 1 0 - ~  
A l l n e  with t h e  s lope  of u n i t y  and passing through t h e  o r i g i n  
i n  Fig,  4 would r ep re sen t  t h e  equivalence o f  t h e  exchange of  s t ron t ium by 
hydlpogen, The curves  i n  Fig,  La a r e  f u r t h e r  extended t o  r e p r e s e n t  t h e  
++ 
eLuled S r  a s  a func t ion  of  AOM- ( d o t t e d  l i n e s ) ,  The nega t ive  q u a n t i t i e s  
++ 
of  t h e  e l u t e d  srS' eerrespond t o  t h e  increased  amounts of  S r  adsorbed 
sn t h e  c l a y  minera l s ,  The o r i g i n  i n  Fig,  Y r e p r e s e n t s  t h e  system con- 
+ + =+ t a i n i n g  Sr -c lay  and S r  i ons  before  e i t h e r  H o r  OH- a r e  added t o  t h e  
+ 
system, The pH va lues  before  e i t h e r  H o r  OH- were added were 6,5 and 
6,7 f o r  t h e  systems conta in ing  Sr-montmorillonite and S r - i l l i t e ,  respec-  
t i v e s y  , 
On t h e  b a s i s  o f  t h e  experimental  d a t a ,  it i s  apparen t  t h a t  t h e  
r e a c t i o n  sf hydrogen ions  does no t  always involve ion exchange, That 
hydrogen ions  may involve a  ~ e a c t i o n  o t h e r  t han  ion  exchange i s  shown by 
t h e  f a c t  t h a t  t h e  equivalence of  t h e  disappeared hydrogen ions  and e l u t e d  
SF" was n o t  observed a t  t h e  pH h igher  than  6 , s  f o r  montmori l loni te  and 
no t  a t  a l l  f o r  i l l i t e ,  The equivalence of  t h e  disappeared hydrogen and 
++ 
e l u t e d  SF from Sr-clay minera l s  was on ly  observed i n  montmorilLonite a t  
a pH va lue  lower than  6,5, In  t h e  case  s f  i l l i t e  minera l s ,  t h e  d i sap-  
* + =+ peared hydrogen ions  Q A H  1 were more t han  equ iva l en t  amounts sf Sr  
e l u t e d ,  The excess anounts  of hydrogen may have been involved i n  a t t a c k -  
++ i ng  %he c l a y  s t rue t ime  o r  i t s  impuri ty ,  I nc rease  i n  t h e  amounts o f  S r  
adso rp t ion ,  t h a t  i s  t h e  amounts disappeared from t h e  s o l u t i o n  phase,  by 
a d d i t ~ s n  o f  OH- i ons  was observed i n  both montmorilLonite and i P l i t e ,  
which i n d i c a t e s  r h a t  e i t h e r  c r e a t i o n  o f  new exchange s i t e s  OF t h e  precip-  
i t a t i o n  o f  ~ r "  may have occur red ,  The s o l u b i l i t y  o f  SF(OH)~ a t  t h e  
h ighes t  pH 97,4) i n d i c a t e s  p r e c i p i t a t i o n  i s  no t  expected,  It was more 
probable  t h a t  t h e  a d d i t i o n  of  OHY c r e a t e d  new exchange s i t e s  on which 
~ r "  could be adsorbed, The c r e a t i o n  of new exchange s i t e s  perhaps 
r e s u l t e d  from t h e  f a c t  t h a t  OH- i o n s  might have n e u t r a l i z e d  hydrogens on 
t h e  c l a y  minera l s ,  and hence c r ea t ed  new exchange s f t e s  f o r  t h e  adsorp- 
++ t i o n  o f  S r  , The hydrogen n e u t r a l i z e d  by OH- i o n s  might be e i t h e r  t h e  
hydrogen of  exposed hydroxyl p a r t s  o f  t h e  c l a y  s t r u c t u r e  o r  t h e  hydrogens 
adsorbed on t h e  c l a y  minera l s  dur ing  t h e i r  t rea tment  process ,  The pos- 
s i b l e  c r e a t i o n  o f  exchange s i t e s  by removing t h e  hydrogen of exposed 
(13)  hydroxyl groups o f  c l a y  minera l s  was r epo r t ed  by G r i m  , 
The s e l e c t i v i t y  of hydrogen with r e s p e c t  t o  s t ron t ium ion was 
examined by determining t h e  equi l ib r ium cons t an t  (KO ) f o r  t h e  ion- SrH 
exchange r e a c t i o n  between hydrogen and s t ron t ium,  The r e s u l t s  a r e  
summarized i n  Table 6 ,  The s e l e c t i v i t y  of montmor i l lon i te  f o r  hydrogen 
TABLE 6 
EQUILIBRIUM CONSTANT OF MONTMORILLONITE 
FOR THE EXCHANGE BETWEEN ~ r "  AND H+ 
-, . -  
- 
m.. 
decreased a s  more hydrogen adsorbed on montmor i l lon i te ,  i n d i c a t i n g  t h e  
-1- decrease  i n  t h e  a f f i n i t y  f o r  H' a s  more H occupied t h e  exchange sites. 
The change i n  t h e  s e l e c t i v i t y  probably r e s u l t e d  from t h e  f a c t  t h a t  t h e  
exchange si tes a r e  no t  uniform i n  t h e i r  p r o p e r t i e s ,  I n i t i a l l y ,  t h e  
hydrogen i o n s  might he adsorbed on more f avo rab l e  s i t e s  r e s u l t i n g  i n  i t s  
high a f f i n i t y ,  A s  more hydrogen occupied t h e  f avo rab l e  s i t e s ,  f u r t h e r  
adso rp t ion  o f  hydrogen may have involved unfavorable  s i t e s ,  r e s u l t i n g  i n  
t h e  low va lue  o f  t h e  s e l e c t i v i t y ,  
The de te rmina t ion  of equi l ib r ium cons t an t s  f o r  t h e  counter  i on  
+8 ++ +3 ++ p a i r s  S r  -Ca and Sr -Mg i n  t h e  presence of hydrogen i o n s  i n  t h e  
exchanger phase a r e  summarized i n  Table 7 ,  A s  shown i n  Table 7 ,  t h e  
++ ++ ++ ++ 
equi l ib r ium cons t an t s  f o r  t h e  ion  p a i r s  S r  -Ca and S r  -Mg a r e  inde- 
pendent o f  t h e  presence of hydrogen ions  i n  t h e  exchanger phase,  even 
TABLE 7 
INFLUENCE OF HYDROGEN ON THE EXCHANGE EQUILIBRIUM 
CONSTANTS OF MONTMORILLONITE 
though t h e  equi l ib r ium cons t an t s  f o r  t h e  r e a c t i o n  between hydrogen and 
o t h e r s  depended on The hydrogen concen t r a t i on ,  Thus, it can be concluded 
t h a t  r e g a r d l e s s  o f  t h e  t ypes  of exchange s i t e s  on a  c l a y  minera l  o r  t h e  
presence  o f  o t h e r  c a t i o n s ,  t h e  s e l e c t i v i t y  c o e f f i c i e n t  of a  c l a y  minera l  
is  eons t an t  f o r  most o f  t h e  counter  ion  p a i r s  except  t h a t  involv ing  
hydrogen ions ,  
4,4, Determination o f  Equi l ibr ium Constants  
A number of ion-exchange express ions  d i scussed  i n  Sec t ion  2 ,3 ,1  
were subjec ted  t o  experimental  t e s t s ,  The experiments were performed t o  
determine t h e  equi l ib r ium cons t an t s  f o r  va r ious  counter  i on  p a i r s ,  
++ ++ ++ + 
~r '* -~a** ,  S r  -Mg , and S r  -Na , over  a  wide range of  concent ra t ions .  
The equi l ib r ium cons t an t s  were computed from express ions  descr ibed  i n  
Sec t ion  2 ,3 ,1 ,  Rearranging t h e  terms o f  Equation (2-16) and t a k i n g  
logar i thms  l e a d s  t o  t h e  equa t ion ,  
b  b  ( a A  1 ( aA  l
l o g  - = l o g  ---- s l o g  K 
(ZB la a  (a,) 
- b  - b  (mA) (yA)  b  (mA) (yA)  b  
l o g  - -- log- - -  o - + l o g K ,  
G B l a  (&la (m,) a  (yB)  a  
- b - b - a - a  
which i n d i c a t e s  t h a t  i f  t h e  a c t i v i t y  r a t i o s  CmA) ( yA)  /(mB) (yB)  and 
b  b  a  a  (mA) (yA)  /(mB) (yB)  were t o  be p l o t t e d  on log-log s c a l e ,  t h e  form of 
Equation (2-16) would be a  s t r a i g h t  l i n e  whose s lope  i s  u n i t y ,  and t h e  
i n t e r c e p t  on t h e  o r d i n a t e  ( l o o  on l o g  s c a l e )  is t h e  equi l ib r ium cons t an t ,  
- b - a  The a c t i v i t y  r a t i o  i n  t h e  exchanger phase (a  ) / ( a  1 was com- A B 
puted from t h e  express ions  proposed by Vansellow (Equation 2-20), and 
Krishnamoorthy and Overs t ree t  (Equation 2-21), I n  t h e  ca se  of  t h e  ion  
- b - a  p a i r  with t h e  same valence,  t h e  a c t i v i t y  r a t i o  reduces  t o  (m ) / (mB) f o r  A 
both express ions ,  
Three d i f f e r e n t  va lues  of  t h e  s o l u t i o n  a c t i v i t y  r a t i o  were 
b  a  b  b  
used: ( a )  ( a A )  / ( a B )  = (mA) /(mBla9 ( b l  ( a A )  / ( a g l a  = 
-3aJJoa 6SrArS3~ aseyd uoTSnTos ayS Snoyzy anph ayS szuasa~da~ %jag ayz 
uo (e) aAJn3 sqz 69 pue si Os2:~ yaoq u~ 06zrun sr aseyd ~a2ueyaxa ayS ur 
oraeJ zua~a~~gao3 6S~ArSae aya Oasua~e~ ames ayS amey suopea q~oq aaneaaa 
~woys aJe aSgTr pue aaruoTT:Jomzuom qzy e3 pue ++JS uaaalaq uoTzaeaa B+ 
a3ueqaxa ayS 30 sS%nsaJ %e&uam~~adxa ayz $9 pue O~B~J UI 
OTTwsaJ ~ezuamr~adxa y3ea 30 uoraerAap aqa go aanaen pue aa~2ap aya 
6~a~jze~genb aurmexa ue3 auo %s%u:od feznamy~adxa ayz 20 angeA a8e~aae 
ayz 2urzuasa~ds~ aug ayz qz~a s~uroci -(e&uatu;~adxa aqg 2n~~edo~os 68 
8 ~$9) e( U)/~(~A) q(Vm) orlea Lzy~yz~e uoyp.los aqz jo uoyrisnaj e se p3:ao~d 
8 V V J ( ) ( ( A ( w) oT$eJ Lzyayzoe ~a3ueqaxa aq$ jo swal uy eJ-ep 
Q-9- 
~ezuam~~adxa ay 6sa~nSr~ ames aqz go ysea uo g z~ 03-r~ y8noayS 02s,3) 
~o~d BOT-SOT e no meJp uor~puo3 mw;~q;~'yba ayz Bu~Ljs~xes auTT 
~y3re~zs e gsque~suo3 mn~~qg~nba ay$ 20 anTeA a8eaa~e ay$ Zursn 
% pup 8 saTqeL ur pazTJemmns an suoTTTpuoa p?zuaw;~adxa 
aq$ pue uorSaeaJ yaea JOJ sanTeA a8e~a~e aqL o%o~oz uoTSDag u~ passwamp 
suo:ssaadxa aqS moq pazndmoa aJaM uorz~~p~a3uoa yaeaze szue:lsuo2 mnrd 
-qr~rnba aqL 06 pue 8 saTqeL u~ unoqs se suoTSeJSua3uoa uoy JaSunoa ayl 
30 a8ue~ apfn e JaAo $no payJJea sen uor~3ea~ mn~rxq-r~~nba y3ez 
Opasn suorSeJSuaauo3 30 a8ue~ aqS JaAo Suezsuo3 
mnr~qg~nba aqS go anTeA ~uezsuo3 F ampo~d o$ uorssa~dxa yma 30 L$r~~qe 
aq$ 8u~u;mexa 6q pazsaS sen uo~ssa~dxa q3ea 30 6ar~fqef~a~ aqL 
OanTeA amps aqz o~ aanpa~ (3) pue (P) "3ua-p~ ames aqS 40 qed uor ayz 
30 as.3 aqz UI OuoyzeJzuaJuos sruoT Te$o$ aql 8uysn pazndmos ('A)/~('A) e 
8 FI V S ( A) ( m) A) (m) = e ('~)/~('e) (3) pue 'uoy~e~zua3uo3 ~ruor 
~enpy~rpuy aqz Wsn pazndwos e q~y~ e ('A) e(8u?/q(v~l cI('m) 
++ %~-++Js aNV ++Kl-+,JS NJJMSJB 
33NVHJXJ 3H6 '603 SdNVLSN03 Hfl1'6tII'II6lbJ JO 3nTd.A 31dS 
9 98 
9 11 ki 
II Cn I-' 
rnr 
n 10 Po 
POI+ 
(D 
E lo r o c.n 
0 [ill 
n wu 
-I= 
B I-' 
0 
I1 
F 
0 
0 
hJ 
F 
X 
I-' 
0 
n 
F H 
F 
N 
CJ 
X 
r 
0 
o 
Ln 
5 T: I1 In 
,?'? I-' 03 
w 03 
F E r r 
0 0 
n I 
-I= F 
* n 
r F 
w 10 
x" B r r 
0 0 
I I 
m m 
5 c II II 
0 0 
UI 03 
hJ 0 
vl 10 
03 9 
Mi+ 
0 0 
o r 
w 10 
10 w 
5 T; 11 111 
o r 
m r 
F 4 
9 w 
M n 
19 0 
0 
r 
0 m 
w w 
4 
mzz 
'3plpl 
9 +& 9 10 
It I-. S rns 
rt 
LL 
gg: r an 
0 NP 
0 
c B P" 
0 
n 
F 
m z mj Vpl'3 
9 +n 
9 ir rz 
II I-' 0 
P C 
n m2 R) 
0 2 OR, 
n 
Y 0 a z 
P. V3 
C 4 
ro x- 
a z 
& 4 
DV) 4 I-' z=- 
7 w 
DO P 
sz m 
a 
4 rs 
* 3: 
0 M 
pB- 
pl tr9 
P X ca 
3: 
0 * 
z 
0 
0 m 
I-' 
w 
B I-' 
0 
0 
0 
H 
r 
0 
o 
F 
H- 
I-' 
03 
x" I-' 
0 
I 
m 
- 
average value 
o A experimental data 
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FIG. 5 EQUILIBRIUM DISTRIBUTION OF COUNTER IONS IN A 
SYSTEM WITH MONTMORILLONITE, ~ a + + ,  AND ~ r + + .  

- average value 
o A experimental data 
b: - -  Ysr - computed with individual ionic  strength: KoirMg = 0.92 
T ~ ,  
m ~ g  Y ~ c l  
FIG. 7 EQUILIBRIUM DISTRIBUTION OF COUNTER IONS IN  
A SYSTEM WITH MONTMORILLONITE, ~ g ' + ,  
AND srt+. 

- average value 
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- computed with individual ionic strength: KohaSr b: - -  =I. 1897x10-~ 
Y s ~  
FIG. 9 EQUILIBRIUM DISTRIBUTION OF COUNTER IONS IN A 
SYSTEM WITH MONTMORILLONITE, NU' , AND st-**. 
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Y N ~  k 
- computed with individual ionic strength; KNaSr b: - -  = 1.261 
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k 
- computed with total ionic strength; KNaSr c: - = 6 . 3 5 6 ~ 1 0 ~ ~  
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FIG. 10 CORRECTED EQUII-IBRIUM DISTRIBUTION OF 
COUNTER IONS IN A SYSTEM WITH 
MONTMORILLONITE, ~ a +  , AND st-*+. 
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1 
' i b: - 'N' = computed with indiv idual  i o n i c  s trength;  KoAaSr = 3 . 8 8 2 6 ~ 1 0 - ~  
7 ~ r  
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FIG. I I  EQUILIBRIUM DISTRIBUTION OF COUNTER IONS IN A 
1 SYSTEM WITH ILLITE,  ~ a + ,  AND Sr++. 
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Y ~ a  b: - -  k - computed with individual ionic strength; KNasr = 1.179 
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FIG. 12 CORRECTED EQUII-IBRIUM DISTRIBUTION OF COUNTER 
I 
I 
IONS IN A SYSTEM WITH ILLITE, ~ a ' ,  AND ~ r + + .  
-1-9 + I n  F igs ,  9 and 10 ,  t h e  experimental  r e s u l t s  f o r  t h e  S r  -Na 
exchange r e a c t i o n  with montmori l loni te  a r e  presen ted ,  I n  Fig,  9 ,  t h e  
concen t r a t i on  r a t i o s  i n  t h e  exchanger phase a r e  p l o t t e d  a s  a  func t ion  of 
t h e  a c t i v i t y  r a t i o s  i n  t h e  s o l u t i o n  phase,  I n  Fig,  10, t h e  a c t i v i t y  
r a t i o s  of  t h e  exchanger phase computed from Krishnamoorthy and Over- 
s t r e e t D s  express ion  (Equation 2-21) a r e  p l o t t e d  a s  a  func t ion  of t h e  
a c t i v i t y  r a t i o s  i n  t h e  s o l u t i o n  phase,  S imi l a r ly ,  i n  F igs ,  11 and 12 ,  
t h e  experimental  r e s u l t s  with i l l i t e  a r e  presen ted ,  
I t  is apparent  from t h e  curves  shown i n  Fig,  5 through Fig,  12 
t h a t  r e g a r d l e s s  of  t h e  form of  t h e  express ions  used f o r  t h e  computation 
of t h e  equi l ib r ium cons t an t ,  t hey  a l l  show t h e  same degree of  r e l i a b i l i t y  
f o r  producing a  cons t an t  va lue  of  t h e  equ i l i b r ium c o n s t a n t ,  There i s  no 
c l e a r  evidence of  one express ion  being b e t t e r  than  t h e  o t h e r s  i n  descr ib-  
ing  t h e  equi l ib r ium cond i t i ons ,  No improvement on t h e  constancy of t h e  
equi l ib r ium eonstan-cs by inc luding  t h e  s o l u t i o n  phase a c t i v i t y  c o r r e c t i o n  
is a b s e ~ v e d .  The coef f i  c i e n t s  of  v a r i a t i o n ,  Cv = &so d o  ) J (average va lue  ) 
x EGO (Table  8), show t h a t  t h e  v a r i a t i o n  o f  t h e  equ i l i b r ium cons t an t  with 
t h e  sobut ion  phase a c t i v i t y  c o r r e c t i o n  i s  even g r e a t e r  t han  t h a t  without  
t h e  e o r r e e t f s n ,  The g r e a t e r  v a r i a t i o n  of t h e  equi l ib r ium cons t an t  with 
%ha rssLut~on a c t i v i t y  c o r r e c t i o n  may be a  r e s u l t  of t h e  approximation 
made i n  ehe computation sf zhe a c t i v i t y  c o e f f i c i e n t s ,  
++ 9 In  t h e  ca se  of  t h e  exchange r e a c t i o n  between Sr  and Na , the  
va lues  of The equi l ib r ium cons t an t s  wi th  and without  t h e  s o l i d  phase 
a c t i v i t y  c o r r e c t i o n  d i f f e r e d  by a  f a c t o r  o f  about  1000, The constancy 
of t h e  equi l ib r ium cons t an t s  computed from t h e  two express ions ,  t h a t  i s  
one with t h e  exchanger phase a c t i v i t y  c o r r e c t i o n  and t h e  o t h e r  without  
t h e  c o ~ r e c t i o n ,  is about t h e  same over  a wide range of coun te r  i on  
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rnontmorillonite and i l l i t e  with varying i l l i t e  con ten t s  from ze ro  t o  100%, 
The r e s u l t s  a r e  p r e s e n ~ e d  i n  Pig,  13 ,  
Prom t h e  r e s u l t s ,  it i s  ev ident  t h a t  equi l ib r ium cons t an t s  of 
t h e  c l a y  mixtures  depended on both c l a y  composition and ion  concen t r a t i on ,  
However, t h e  e f f e c t  o f  i on  concen t r a t i on  was i n s i g n i f i c a n t  compared t o  
t h a t  of t h e  c l a y  eemposition, On t h e  b a s i s  of t h e  experimental  r e s u l t s ,  
it is s h o ~ m  t h a t  an approximate e s t ima te  can he  made of  t h e  equi l ib r ium 
c s n s t a n r  of a  montmori l loni te  and i l l i t e  mixture  by a  simple l i n e a r  
i n t e r p o l a t i o n  between t h e  equi l ib r ium c o n s t a n t s  of t h e  two pure compo- 
n e n t s  and t h e i r  r e l a t i v e  amounts i n  t h e  mixture ,  That i s ,  t h e  e f f e c t i v e  
e q u i l f b r i  um cons t an t  can be approximated by, AB 
where xm and 1 - xm a r e  t h e  f r a c t i o n s  (expressed i n  e q u i v a l e n t s )  of  mont- 
rno r i l i on i t e  and i i l i t e ,  and (KO 1 and (KO 1,  ape t h e  equi l ib r ium AB m AB 1 
cons t an t s  of  pure  montmoriblonite and i l l f t e ,  
4,6, Ion-Exchange Equilibrium i n  a  MuBticompsnent System 
"he mass-action express ion ,  without  t h e  a c t i v i t y  c o r r e c t i o n s ,  
which has  been found s a t i s f a c t o r y  f o p  desc r ib ing  t h e  exchange r e a c t i o n s  
involv ing  most p a i r s  of counter  i o n s ,  was subjec ted  t o  experimental  t e s t s  
+ += += f o r  i ts  a p p l i c a b i l i t y  i n  t h e  multicomponent system con ta in ing  Na , Mg 
-1- -1- 
caw, and S r  
With t h e  known amount of each c a t i o n  added i n t o  t h e  system 
0 0 0 0 
m and mSrP and t h e  equi l ib r ium cons t an t s  determined i n  t h e  
' m ~ a 9  m ~ a e  Mg 

A experimental values 
--- computed from Eq. 2-23 
I 
I 
, FIG. 14 EQUILIBRIUM CONSTANTS OF A CLAY MIXTURE 
AS A FUNCTION OF THE COUNTER ION 
i 
j CONCENTRATIONS. 
+ + previous section, the final Sr distributions were estimated using 
Equation (3-51, which was derived from a set of simultaneous mass-action 
++ 
expressions representing the reactions in the system, The estimated Sr 
distributions were compared with the experimental results, The results 
are presented in Figs, 15, 16, and 17, The experimental conditions are 
summarized in Table 10, 
In Figs, 15, 16, and 17, the estimated values are presented as 
lines, while the points represent the experimental data, It is apparent 
from the curves and points shown in Figs, 15, 16, and 17 that the mass- 
action expression was quite satisfactory for describing the equilibrium 
conditions even in a multicomponent system, 
- computed from Eq. 3-5 
0 ,  A experimental values 
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FIG. 15 ION EXCHANGE EQUILIBRIUM OF MONTMORILLONITE 
WITH THREE COMPETING COUNTER IONS. 
computed from Eq. 3-5 
A experimental values 
FIG. 16 ION EXCHANGE EQUILIBRIUM OF MONTMORILLONITE 
WITH FOUR 'COMPETING COUNTER IONS. 
- computed from Eq. 3-5 
A ,o experimental values 
FIG. 17 ION EXCHANGE EQUILIBRIUM OF ILLITE WITH 
THREE COMPETING COUNTER IONS. 

5 ,  ION-EXCHANGE EQUILIBRIUM I N  PRESENCE OF ORGANICS; 
RESULTS AND DISCUSSION 
5,%,  E f f ec t s  of  Sequester ing Agents on Ion-Exchange React ions of Clay 
Minerals 
I n t e r a c t i o n s  of  water-soluble ,  chelate-forming o rgan ic  compounds 
with metal i ons  and t h e i r  e f f e c t s  on t h e  ion-exchange r e a c t i o n s  of t h e s e  
meta l  i ons  have been b r i e f l y  d i scussed  i n  Sec t ion  2,6.1, An exac t  quan- 
t i t a t i v e  formulat ion of t h e  ion-exchange e q u i l i b r i a  i n  t h e  presence of 
s eques t e r ing  agen t s  is a complex problem, A u n i v e r s a l l y  a p p l i c a b l e  so lu-  
t i o n  does n o t  e x i s t ,  and i f  it is p o s s i b l e  t o  produce one, it w i l l  be an 
a f f a i r  o f  unmanageable complexity,  Even f o r  a q u a l i t a t i v e  p r e d i c t i o n  of 
t h e  behavior  of t h e  system, c e r t a i n  assumptions and approximations a r e  
necessary ,  
Equat ions (2-271, (2-281, and (2-29) a r e  t h e  r e s u l t s  of  t h e  
va r ious  assumptions descr ibed  i n  Sec t ion  2,6,1,  
Equat ions ( 2 - 2 7 ) ,  (2-281, and (2-29) show t h e  dependency of t h e  counter  
ion  d i s t r i b u t i o n  on t h e  s eques t e r ing  agent  concent ra t ion  (my). Equations 
(2-27) and (2-28) i n d i c a t e  t h a t  t h e  formation o f  s t a b l e  seques te red  com- 
pound prevents  t h e  c a t i o n  from adsorbing on t h e  exchanger,  t h a t  is t h e  
va lue  o f  W becomes small .  When both c a t i o n s  and Bb+ form seques te red  
compounds with Y, t h e  e f f e c t i v e  equi l ib r ium cons t an t  depends on t h e  AB 
l i gand  concen t r a t i on  and t h e  s t a b i l i t y  c o n s t a n t s  of both seques te red  com- 
pounds. I f  c a t i o n  Bbs forms a  more s t a b l e  seques te red  compound (KBy >KAY),  
then  t h e  e f f e c t i v e  equi l ib r ium cons t an t  i s  g r e a t e r  t han  KO and AB AB ' 
a s  hence c a t i o n  A i s  more favorably adsorbed on t h e  exchanger phase when 
t h e  ligawd Y i s  p re sen t ,  I t  should be w e l l  understood t h a t  t h e s e  equa- 
t i o n s  on ly  desc r ibe  t h e  system with t h e  cond i t i ons  imposed by t h e  assump- 
n - 
t i o n s  t h a t  ( 1 )  t h e  seques te r ing  agent  (HnY) i s  i n  one i o n i c  form (Y 1, 
( 2 )  t h e  s eques t e r ing  agen t s  form only  one type  of  che l a t ed  compound wi th  
A ~ '  and B~~ and ( 3 )  n e i t h e r  t h e  s eques t e r ing  agen t s  nor  t h e  seques te red  
metal  i ons  i n t e r a c t  with t h e  i on  exchanger, 
The e f f e c t s  of seques te r ing  agents  ( c i t r a t e ,  t a r t r a t e ,  and EDTA) 
on t h e  ion-exchange r e a c t i o n s  of s o i l  minera l s  were i n v e s t i g a t e d  by batch 
equi l ibr ium-type experiments,  A l l  t h e  r e a c t i o n s  were c a r r i e d  o u t  i n  
6-ounce Armstrong p r e s c r i p t i o n  b o t t l e s  conta in ing  50 m l  of  t h e  t o t a l  
s o l u t i o n ,  The e f f e c t s  of  t h e  s eques t e r ing  agen t s  were examined i n  terms 
++ 
of changes i n  equi l ib r ium d i s t r i b u t i o n s  o f  t h e  counter  i on  p a i r s  (S r  - 
++ s+ + + ++ ++ 
~ a ' ,  S r  -Ca , Sr  -M~" ,  and Sr  -Zn ) i n  t h e  presence o f  t h e s e  agents .  
In a l l  t h e  experiments i n  t h i s  s e c t i o n ,  t h e  concen t r a t i ons  of t h e  inor -  
gan i c  counter  ion  p a i r s  were kept  cons t an t ,  while  t h e  s eques t e r ing  agen t s  
were va r i ed  from ze ro  t o  about twice t h e  concen t r a t i on  of t h e  t o t a l  
c a t i o n s ,  The r e s u l t s  of t h e  experiments a r e  summarized i n  Fig,  18  
through Fig,  24,  
En Fig,  l 8  and Fig,  21 ( cu rves  a  and c ) ,  t h e  e f f e c t s  of  c i t r a t e  
++ + 
on t h e  ion-exchange r e a c t i o n s  of  t h e  va r ious  counter  ion  p a i r s  ( S r  -Na , 
++ ++ 
~ r + + - C a  , and S r  - ~ n + + )  a r e  shown, The experimental  cond i t i ons  a r e  
summarized i n  Table 11, Theore t i ca l l y ,  Equation (2-27)should s a t i s f y  t h e  
experimental  d a t a  i f  a l l  assumptions were v a l i d ,  Rewriting Equation 
(2-27) i n  t e r n s  o f  m S r D  m and t h e  experimental  condi t ions ,  t h e  follow- . Na ' 
i ng  equa t ions  a r e  ob ta ined ,  
m Na (----I 
- - K " ~ r ~ a  mNa 
- 
K d ~ r  - T"+ m K C i t  SruCit 
b 
m m + m C ~ P  C i t  S rCi t  
wi th  KO 3 = 1 , l 9  x EO , KSreit 2,7 SrNa - 0,333 x 10 9 
0 
where a l l  t h e  concen t r a t i ons  a r e  i n  normal concen t r a t i ons ,  and m and S r  
++ 
mt r e p r e s e n t  t h e  t o t a l  amounts of S r  and c i t r a t e  added t o  t h e  system. C i t  
The va lue  o f  t h e  equi l ib r ium cons t an t  (KO 3 SrNa = 1 0 1 9  x 10  ) i s  
t h e  average va lue  determined i n  Sec t ion  4,4, The s t a b i l i t y  cons t an t  
' K ~ r ~ i i :  = 0,333 x 10  2 0 7 )  of  s t ron t ium c i t r a t e  '35) is co r r ec t ed  t o  be used 
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FIG. 18 EFFECTS OF CITRATE ON DISTRIBUTION OF 
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FIG. 19 EFFECTS OF TARTRATE ON DISTRIBUTION OF 
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++ S r, 
2x10-~  
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5x10-~  
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~ a +  
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4 x 1 0 ~ ~  
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4 x 1 0 ~ ~  
Others 
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~ a + + = 1 0 - ~  
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Sr-Mont .=8.2x10 -4 
Sr-Mont . =8.2xlO -4 
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with normal concen t r a t i ons ,  
0 0 
In  t h e  ca se  of Fig,  18  (curve a ) ,  i n  which m << m S r  Na ' 
0 0 
rn 9 9  and m 99 m 0 S r  Na S r  C i t  it can be approximated t h a t  = CC, E ,  C ,  , Na - 
0 t 
m z m and mCit z mCito Na NaB With an a d d i t i o n a l  assumption t h a t  a l l  
3- 
c i t r a t e  i ons  are ion ized  a s  t e r t i a r y  c i t r a t e  (Y ), Equation (5 - l a )  
becomes, 
TABLE 11 
EXPERIMENTAL CONDITIONS FOR THE STUDY OF EFFECTS OF CITRATE 
ON CLAY ION-EXCHANGE REACTIONS 
Clay minera l s  PH Figure 
N a' o t h e r s  N Number 
2 x 1 0 ~ ~  & x 1 0 - ~  0 Sr-MontO=7,8xlO -4  X l - 7 , 3  18-b 
4 x ~ ~ - @  2 x 1 ~ - 4  - 4 znf Sr-Mont . = 8 . 2 ~ 1 0  7,l-"% 3 21-a 
4xaboU3 5 x 1 0 - ~  ~ a + + = 1 0 - ~  Na-Mont0=8,3xlO 6,8-LO 21-c -4 
The e f f e c t i v e  d i s t r i b u t i o n  c o e f f i c i e n t  computed from Equation ( 5-2 ) Sr  
++ is shown a s  a  do t t ed  l i n e  on t h e  same f i g u r e ,  Fig,  18 ,  When S r  i ons  
are presen ted  a s  g ros s  concen t r a t i on  (F ig ,  18 ,  curve b ) ,  t h e  above 
- 
approximations a r e  no t  v a l i d ,  m and m can no longe r  be t r e a t e d  a s  Na C i t  
cons t an t  va lues ,  The system must s a t i s f y  t h e  s e t  of  s imultaneous equa- 
t i o n s ,  Equation ( 5 - l ) ,  The s o l u t i o n s  of t h e  s imultaneous equa t ions  a r e  
presented  a s  a  do t t ed  Elne i n  Fig,  18  (curve  b l ,  
In  P ig ,  21  (curve c ) ,  t h e  e f f e c t s  o f  c i t r a t e  on t h e  ion- 
++ ++ 
exchange r e a c t i o n s  of t h e  counter  i on  p a i r  S r  -Ca a r e  shown, Because 
t h e  c i t r a t e  added t o  t h e  system was i n  t h e  form o f  sodium c i t r a t e ,  t h e  
+ presence o f  Na ions  i n  t h e  system was unavoidable,  To make t h e  i n f luence  
+ + 
of Na ions  i n  t h e  system more o r  l e s s  cons t an t ,  t h e  concent ra t ions  o f  Na 
- 3 i o n s  i n  t h e  system were kept  a t  a  cons t an t  va lue  ( 4  x 10 N) by adding 
NaCl, 
The e f f e c t s  o f  t a r t r a t e  on s o i l  ion-exchange r e a c t i o n s  were 
s t u d i e d  i n  a  s i m i l a r  manner a s  t h a t  with c i t r a t e ,  The experimental  r e -  
s u l t s  a r e  shown i n  Fig,  19 and Fig,  21 (curve  d ) ,  The e f f e c t s  of  EDTA 
++ + ++ ++ ++ ++ 
were s tud i ed  f o r  t h e  counter  ion p a i r s  S r  -Na , S r  -Ca , Sr  -Mg 
++ ++ 
and S r  -Zn The experimental  r e s u l t s  with EDTA a r e  shown i n  Fig,  20 
and Fig,  21  [curve bd, The experimental  cond i t i ons  f o r  t h e  s tudy  of t h e  
e f f e c t s  cf t a r t r a t e  and EDTA a r e  summarized i n  Tables 12 and 13,  
In  gene ra l ,  t h e  experimental  r e s u l t s  a r e  i n  good agreement with 
t h e  q u a l i t a t i v e  r u l e s  f o r  t h e  s e l e c t i v i t y  o f  ion  exchangers ( c l a y  min- 
e r a l s )  and t h e  s t a b i l i t y  of meta l  c h e l a t e s ,  The e f f e c t s  of  a  seques te r -  
++ i n g  agent  on t h e  d i s t r i b u t i o n  o f  S r  i o n s  i n  equi l ib r ium with a  s o i l  
exchange system depend on t h e  n a t u r e  of  t h e  o t h e r  counter  i on  p r e s e n t ,  
I n  t h e  ppesence of  t h e  counter  i ons  t h a t  form l e s s  s t a b l e  c h e l a t e s  with 
++ t h e  s eques t e r ing  agent ,  t h e  S r  ion  concen t r a t i ons  i n  t h e  s o l u t i o n  were 
increased  a s  s eques t e r ing  agen t s  were added, These e f f e c t s  were observed 
++ + 
~ I A  a l l  exchange r e a c t i o n s  where S r  i ons  were competing with Na ions ,  
The same e f f e c t s ,  bu t  l e s s  i n  t h e i r  i n t e n s i t i e s ,  were no t i ced  i n  t h e  
++ ++ 
r e a c t i o n s  involv ing  t h e  p a i r ,  S r  -Mg On t h e  o t h e r  hand, when t h e  
TABLE 1 2  
EXPERIMENTAL CONDITIONS FOR THE STUDY OF EFFECTS OF TARTRATE 
ON CLAY ION-EXCHANGE REACTIONS 
- - 
C a t i o n s ,  N Clay m i n e r a l s  PH F i g u r e  
~ a '  S r  o t h e r s  N Number ++ 
- .  *- 
8x10-3 l x l o Y 4  0 Na-Mont0=8,3xPO 6,2-6,8 19-a - 4 
8 x 1 0 ~ ~  ~ ~ 1 0 ~ ~  0 Sr-Mont0=19,0x10 6,2-6,5 19-b - 4 
4x10Y3 5 x 1 0 ~ ~  ~ a ' + = 1 0 - ~  Na-Mont0=7,4xlO 6,0=6,5  21-d - 4 
TABLE 1 3  
EXPERIMENTAL CONDITIONS FOR THE STUDY OF EFFECTS OF EDTA 
ON CLAY ION-EXCHANGE REACTIONS 
- ,  - .  
?aTons& ,. - ,  Clay m i n e r a l s  PH F igure  
--.-- . .. 0. 
~ a +  
++ S r  o t h e r s  N Number 
5 x $ ~ - 3  P ~ P O - ~  0 Na-Mont , =7,4xlO 7,2-7,4 20-a -4 
2 x l ~ - 3  l X 1 o m 4  0 Sr-Mont , - 8 , 2 x 1 0 - ~  6,O-7,O 20-b 
4 1%10-' Ca++=10-3 - 4 4x10 Na-Mont0=7,4xlO 6,O-6,Q 20-c 
2 x 1 0 0 ~  8 x 1 0 ~ '  MgrC=1U-3 Na-Mont,=7,4xlO - 4 5 ,8 -6 , s  20-d 
P+ ++ 
counter  i c n s  (Ca , Zn ) t h a t  form more s t a b l e  che l a t ed  compounds were 
+ + presen t ,  t h e  S r  i on  concent ra t ions  i n  t h e  s o l u t i o n  phase were decreased 
a s  t h e  agen t s  were added, 
A s  shown i n  Fig,  18 ,  t h e  exper imenta l  r e s u l t s  i n d i c a t e  t h a t  t h e  
e f f e c t s  of c i t r a t e  a r e  even g r e a t e r  t han  t h e o r e t i c a l l y  pred ic ted .  I t  is 
no t  c l e a r  what f a c t o r s  cause t h e  experimental  va lues  t o  show t h e  g r e a t e r  
e f f e c t s  t han  t h e o r e t i c a l l y  p red i c t ed ,  Poss ib l e  reasons  may be found i n  
t h e  assumptions made t o  eva lua t e  t h e  t h e o r e t i c a l  p r e d i c t i o n s ,  
The assumption t h a t  a l l  c i t r a t e  i ons  a r e  i on i zed  a s  t e r t i a r y  
3- 
c i t r a t e  (Y ) seems t o  be accu ra t e ,  The percentage of an ion ized  a c i d  
(41 )  
may be computed from t h e  express ion  
% Ionized = 100 1 + a n t i l o g  (pKa-pH) 
For t h e  va lue  of pKa = 5,49 (Table 2 )  and pH 7 (experimental  c o n d i t i o n ) ,  
t h e  percentage of t e r t i a r y  c i t r a t e  (y3-) is 988, which i n d i c a t e s  t h a t  a t  
pH 7 t h e  i o n i z a t i o n  of c i t r a t e  ion i s  p r a c t i c a l l y  complete,  
It has  been shown (35)  t h a t  c i t r a t e  i ons  a r e  involved i n  t h r e e  
++ + d i f f e r e n t  c h e l a t e  formations wi th  Ca i o n s  (cay-,  CaHY, CaHZY ) ; however, 
t h e i r  s t a b i l i t y  cons t an t s  d i f f e r  by f a c t o r s  of more than  10 ,  and hence 
t h e  assumption t h a t  c i t r a t e  i ons  form only  one che l a t ed  compound, t h a t  is ,  
t h e  most s t a b l e  compound, seems q u i t e  reasonable ,  A t  p r e s e n t ,  t h e  s t a -  
b i l i t y  cons t an t  of S r - c i t r a t e  i s  r epo r t ed  f o r  on ly  one compound ( S ~ Y - 1 ,  
There a r e  some d i sc repanc i e s  i n  t h e  r epo r t ed  va lues  of meta l  c h e l a t e  
s t a b i l i t y  cons t an t s ,  For i n s t ance ,  i n  t h e  case  o f  C a - c i t r a t e  (cay-),  
va lues  '359 of K = t o  K = lo4' '  have heen r epo r t ed .  Using t h e  
experimental  d a t a  (P ig ,  21, curve a )  and Equation (5-21, t h e  s t a b i l i t y  
c o n s t a n t s  of  ST-c i t r a t e  a r e  c a l c u l a t e d  f o r  c i t ~ a t e  concen t r a t i ons  o f  
4  x and N o  The va lues  a r e  and 1 0 ~ ' ~ ~  There is no c l e a r  
evidence t h a t  u s ing  a  va lue  of  K SrCi t  = l o 2 ' ?  i n  t h e  eva lua t ion  o f  t h e  
t h e o r e t i c a l  p r e d i c t i o n  was wrong; however, it i s  of i n t e r e s t  t o  no t e  t h a t  
t h e  p r e d i c t i o n  i s  i n  good agreement i f  a  K SrCi t  va lue  of  1 0  3 0 4  is  used, 
To determine i f  s eques t e r ing  agents  o r  t h e  seques te red  compounds 
i n t e r a c t e d  wi th  c l a y  minera l s ,  experiments were performed i n  which c i t r a t e  
adso rp t ion  was determined with c14- labe l led  t r a c e r s .  The experimental  
r e s u l t s  a r e  summarized i n  Figs ,  22, 23, and 24, I t  is  shown t h a t  a l l  t h e  
s eques t e r ing  agen t s  were adsorbed on t h e  c l a y  minera l s ;  however, i n  t h e  
ca se  o f  EDTA, t h e  adsorp t ion  was much lower than  wi th  e i t h e r  c i t r a t e  o r  
t a r t r a t e ,  The adso rp t ion  o f  t h e  s eques t e r ing  agen t s  on c l a y  minera l s  was 
found t o  depend ow t h e  concent ra t ion  o f  e l e c t r o l y t e  i n  t h e  s o l u t i o n  and 
exchanger phases ,  I t  is n o t  known what phys i ca l  mechanisms were involved 
in t h i s  adsorp t ion ,  Inc rease  i n  t h e  adsorp t ion  of  t h e  organic  anion 
(F ig ,  24) a t  h ighe r  e l e c t r o l y t e  concen t r a t i ons  (NaCP) sugges t s  t h a t  anion 
exchange was n o t  involved,  The adsorp t ion  of s eques t e r ing  agen t s  on c l a y  
minera l s  f u r t h e r  complisates  t h e  q u a n t i t a t i v e  a n a l y s i s  of t h e  exchange 
r e a c t i o n s  i n  t h e  presence of t h e s e  agen t s ,  
The e f f e c t s  of c i t r a t e  a r e  i n  g e n e r a l  g r e a t e r  than  those  of 
t a r t r a t e ,  This  is  expected,  s i n c e  wi%h most me ta l  i ons ,  e i t r a t e  f o ~ m s  
more s t a b l e  seques te red  compounds than  does t a r t r a t e ,  The c h e l a t e  forma- 
t i o n  of  EDTA is pH dependent, For example, a t  pH 7,  EDTA (H4Y) ion i ze s  
4  - i n t o  t h r e e  d i f f e r e n t  ions  Y (0.055%), H Y ~ -  (87.5%), and H ~ Y ~ -  (12.5%). 
4- Even though only  6,055% a r e  i n  t h e  form o f  Y , because of i t s  high 
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2- 
s t a b i l i t y ,  most o f  Sr-EDTA i s  i n  t h e  form of  SrY A t  a  h ighe r  pH, t h e  
e f f e c t  o f  EDTA w i l l  be much g r e a t e r  t han  t h a t  of  c i t r a t e  o r  t a r t r a t e ,  
Summarizing t h e  r e s u l t s  of t h e  s tudy  o f  t h e  e f f e c t s  of  seques- 
t e r i n g  agen t s ,  it can be concluded t h a t  t h e  r e s u l t s  a r e  i n  good agreement 
with t h e  g e n e r a l  r u l e s  f o r  t h e  s e l e c t i v i t y  of  s o i l  exchange media and t h e  
s t a b i l i t y  of meta l  c h e l a t e s ,  
(26 )  ++ I t  can be shown t h a t  t h e  v e l o c i t y  (RSr) of  S r  i on  
r e l a t i v e  t o  t h e  v e l o c i t y  of  water  (Rw) con ta in ing  srtt i n  a  s o i l  exchange 
medium is 
which shows t h a t  t h e  r a t e  o f  migra t ion  of srtt depends on t h e  e f f e c t i v e  
- 
d i s t r i b u t i o n  c o e f f i c i e n t ,  K d S r d s s u m i n g  t h e  concen t r a t i on  o f  a  seques- 
t e r i n g  agent  i n  n a t u r a l  water  i n  con tac t  with s o i l  exchange media t o  be 
about 10  mg/l a s  c i t r i c  a c i d  (5.2 x N), which may be considered a s  a  
h igh  o rgan ic  con ten t  i n  n a t u r a l  water ,  it can be shown from Equation (5-1) 
++ t h a t  t h e  change i n  t h e  e f f e c t i v e  d i s t r i b u t i o n  o f  S r  i s  l e s s  t han  one 
pe rcen t ,  It i s  n o t  probable  t h a t  i n  a  n a t u r a l  environment,  t h e  concen- 
t r a t i o n  o f  a  s eques t e r ing  agent  i s  s o  h igh  a s  t o  g i v e  s i g n i f i c a n t  e f f e c t s  
on t h e  movement o f  r ad ionuc l ides  disposed i n t o  t h e  environment, The 
presence of  a  n o t i c e a b l e  concent ra t ion  of s eques t e r ing  agen t s ,  which may 
be found i n  c e r t a i n  nuc l ea r  wastes ,  may even be  b e n e f i c i a l  i n  terms o f  
contaminating t h e  water  system; f o r  i n  t h e  presence o f  a  s eques t e r ing  
agen t  t h e  hazardous r ad ionuc l ides  such a s  srgO and ~s~~~ w i l l  be more 
f avo rab ly  adsorbed on s o i l  if t h e  system con ta in s  g r o s s  concen t r a t i ons  of 
++ 
competing counter  i ons  such a s  Ca and ~ 1 ~ * ,  because they  a r e  more 
+ + + 
s t r o n g l y  seques te red  than  S r  o r  C s  , 
5,2, Adsorption of Organic Compounds and E f f e c t s  on t h e  Clay Ion- 
Exchange P r o p e r t i e s  
I n t e r a c t i o n s  of s o i l - s o r p t i v e  o rgan ic  compounds with c l a y  
minera l s  were b r i e f l y  d i scussed  i n  Sec t ion  2 , 6 , 2 ,  There has  been consid- 
e r a b l e  work done i n  t h e  f i e l d  of o rgan ic  adso rp t ion  on c l a y  minera l s ,  
G r i m  '13' has  presen ted  a comprehensive survey of t h i s  sub j ec t .  The 
e f f e c t s  of o rgan ic  adsorp t ion  on t h e  ion-exchange p r o p e r t i e s  of  s o i l  
minera l s  is a  problem deserving some a t t e n t i o n ,  The i n v e s t i g a t i o n s  i n  
t h i s  a r e a  w i l l  n o t  on ly  a i d  t h e  understanding o f  organic-c lay  r e a c t i o n s ,  
b u t  w i l l  a l s o  f u r n i s h  information regard ing  t h e  fundamental mechanisms 
involved i n  s o i l  ion-exchange r e a c t i o n s ,  
I n  e h i s  s e c t i o n ,  s t u d i e s  of organic-clay i n t e r a c t i o n s  were 
c a r r i e d  o u t  t o  l e a r n  t h e  e f f e c t s  of o rgan ic  adso rp t ion  on t h e  ion-exchange 
p ~ o p e r t i e s  of  s o i l  minera l s ,  I n  gene ra l ,  t h e  e f f e c t s  of  t h e  organic-c lay  
i n t e r a c t i o n s  were examined i n  terms o f  changes i n  t h e  s o i l  ion-exchange 
parame-cers such a s  t h e  exchange c a p a c i t i e s  and t h e  s e l e c t i v i t i e s  of  t h e  
s o i l  minera l s ,  
5 ,2 ,1 ,  Adsorption of Methylene Blue and Its E f f e c t  on t h e  Clay 
Ion-Exchange P r o p e r t i e s  
Methylene b lue  has  a  unique p rope r ty  i n  t h e  s ense  t h a t  it 
can be  i r r e v e r s i b l y  adsopbed on c l a y  su r f aces  t o  block o u t  any d e s i r e d  
p o r t i o n  sf t h e  c l a y  exchange s i t e s  without  t h e  presence  o f  r e s i d u a l  
inethylene b lue  i n  t h e  s o l u t i o n  phase, This  a l lows  s tudy  of t h e  e f f e c t s  
of  i t s  presence only i n  t h e  exchanger phase,  In  a d d i t i o n ,  i t s  l a r g e  s i z e  
makes p o s s i b l e  t h e  s tudy  o f  t h e  e f f e c t s  of methylene b l u e  on covering-up 
of t h e  exchange s i t e s ,  Comparing t h e  e f f e c t i v e  a r e a  of  t h e  methylene 
b lue  molecule with t h a t  of eoedine (2%)  which has  about t h e  same configu- 
p a t i o n  a s  t h e  methylene b lue  molecule,  t h e  e f f e c t i v e  a r e a  of t h e  methylene 
0 2 b lue  i on  may be approximated t o  be  about  150 A The i n t e r a c t i o n s  of  
metkylene b lue  ions  QM,B,') with  c l a y  minera l s  were c a r r i e d  ou t  t o  s tudy:  
-I- ( % )  t h e  s e l e c t i v i t y  o f  c l a y  mine ra l s  f o r  MOB,  , ( 2 )  t h e  covering-up 
-I- 
effects of  M,B,', and ( 3 )  t h e  e f f e c t s  of adsorbed M O B o  on t h e  s e l e c t i v e  
p r o p e r t i e s  o f  t h e  a v a i l a b l e  exchange s i t e s  f o r  var ious  counter  i ons ,  
The a t tempt  t o  determine t h e  r e l a t i v e  s e l e c t i v i t y  of  c l a y  
-I- -I-+ 
mine ra l s  f o p  MOB,  i on  with r e s p e c t  t o  S r  was unsuccess fu l ,  because t h e  
9 -I- 
s e l e c t i v i t y  f o r  MOB, was s o  s t r o n g  t h a t  t h e  exchange a d s o ~ p t i o n  of M O B ,  
was p r a c t i c a l l y  i r r e v e r s i b l e ,  Regardless  of t h e  c o n e e n t ~ a t i o n  of t h e  
-2 -I- 
coun te r  i on ,  Sr" (up t o  1 0  N), t h e  adsorp t ion  of M .  B, cont inued u n t i l  
-I- 
a l l  t h e  exchange s i t e s  were occupied wi th  MOB,  i ons ,  
-I- The cover-up e f f e c t s  of t h e  adsorbed M O B ,  i ons  were i n v e s t i -  
+ -I- ga ted  by examining t h e  adsorp t ion  o f  S r  i ons  ( 2  x  N) on Na- 
rnowtrnori%lsn$Te whose exchange s i t e s  were previousPy covered (0-100%) 
9 + 
with M O B ,  i ons ,  S imi la r  experiments ,  with t h e  except ion  t h a t  t h e  MOB,  
+ 9 i o n s  were added a f t e r  t h e  S r  i ons  were e q u i l i b r a t e d  wi th  Na-montmorillo- 
n i t e ,  were a l s o  c a r r i e d ' b u t ,  The d i f f e r ence  between t h e  two experiments 
was t h a t  i n  t h e  first experiment,  t h e  cover-up e f f e c t s  would be  shown a s  
P+ l e s s  S r  adso rp t ion ,  whereas i n  t h e  second experiment t h e  cover-up 
9 + 
e f f e c t s  would be shown a s  t r app ing  some of  adsorbed S r  i ons ,  S imi l a r  
experiments were a l s o  per+fo~med with N a - i l l i t e ,  A s  shown i n  F igs ,  25 and 
+ 26, f o r  both montmori l loni te  and i l l f t e ,  M O B ,  i o n s  were a b l e  t o  smother 
t h e  exchange s i t e s ,  The degree o f  t h e  cover-up e f f e c t s  depended on t h e  
+ 
amounts o f  t h e  adsorbed MOB, i ons ,  The cover-up e f f e c t s  i nc reased  a s  
+ 
t h e  adsorbed amounts of  MOB, increased .  Comparing t h e  r e s u l t s  f o r  mont- 
m o r i l l o n i t e  and i l l i t e ,  it is ev ident  t h a t  t h e  degree of  t h e  cover-up 
e f f e c t s  were about  t h e  same f o r  both c l a y  mine ra l s ,  even though t h e  loca-  
t i o n s  of  t h e  exchange s i t e s  i n  t h e  two minera l s  may have been q u i t e  
d i f f e r e n t ,  i l l i t e  minera l s  having most of t h e  exchange s i t e s  a t  t h e  edges 
o f  t h e  b a s a l  p l anes ,  whereas i n  montmor i l lon i te  most of  t h e  exchange s i t e s  
a r e  on t h e  b a s a l  p lanes ,  
+ The e f f e c t s  o f  t h e  adsorbed MOB,  on t h e  s e l e c t i v e  p r o p e r t i e s  
o f  t h e  a v a i l a b l e  exchange s i t e s  were i n v e s t i g a t e d  f o r  t h e  counter  ion  
++ ++ +3 + ++ p a i r s  S r  -Ca and S r  -Na , The ion-exchange r e a c t i o n s  between S r  
and ~ a + +  were c a r r i e d  o u t  with Ca-clay minera l s  whose exchange s i t e s  were 
p a r t i a l l y  covered with MOB.+ i ons  (0 ,  15 ,  30, and 50%). S imi l a r  exper i -  
++ + 
ments were a l s o  conducted f o r  S r  -Na wi th  Na-clay mine ra l s ,  The 
experimental  r e s u l t s  a r e  summarized i n  F igs ,  27 through 30, The e f f e c t s  
+ ++ 
of  M O B o  on t h e  ion-exchange r e a c t i o n s  between S r  and cat+ wi th  mont- 
m o r i l l o n i t e  and i l l i t e  a r e  shown i n  F igs ,  27 and 28,  i n  which t h e  r a t i o  
- 
%r 
of t h e  counter  ion  concen t r a t i ons  i n  t h e  exchanger phase &-1 is  p l o t t e d  
Ca 
a s  a  func t ion  o f  t h e  r a t i o  i n  t h e  s o l u t i o n  phase,  The r a t i o  of  t h e  va lues  
of  t h e  o r d i n a t e  t o  t h e  a b s c i s s a  is  a  mass-action equi l ib r ium cons t an t  
without  t h e  a c t i v i t y  c o r r e c t i o n s ,  The e f f e c t s  of  M.B,+ on t h e  exchange 
++ + 
r e a c t i o n s  between S r  and Na with montmor i l lon i te  and i l l i t e  a r e  shown 
i n  F igs ,  29 and 30, I n  Fig,  29, t h e  mass-action equi l ib r ium c o n s t a n t s  
+ 
- M . B .  added before ~ r + +  
+ M.B.' added a f t e r  ~ r + +  
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+ 
K Q ~ , ~ a  a r e  p l o t t e d  a s  a func t ion  of  M O B o  adso rp t ion  on montmori l lonfte ,  
I n  Fig,  30, t h e  va lues  of t h e  counter  i o n  concen t r a t i on  r a t i o  a r e  p l o t t e d ,  
++ ++ A s  shown i n  Figs ,  27 and 28, f o r  t h e  counter  ion  p a i r  S r  -Ca 
+ t h e  presence o f  MOB, i ons  i n  t h e  exchanger phase reduced t h e  amounts of  
++ + srt+ adsorbed. On t h e  o t h e r  hand, f o r  t h e  S r  -Na p a i r ,  t h e  s e l e c t i v i t y  
++ + f o r  S r  increased  a s  more exchange s i t e s  were covered with MOB, ions ,  
+ The explana t ion  may be t h a t  t h e  e f f e c t s  of MOB, r e s u l t  from two d i f f e r e n t  
mechanisms, one i n  which t h e  cover-up effect i s  involved and t h e  o t h e r  i n  
which t h e  presence of  o rgan ic  molecules on c l a y  minera l  s u r f a c e s  a f f e c t  
t h e  s e l e c t i v i t y  o f  t h e  a v a i l a b l e  exchange s i t e s ,  I n  t h e  r e a c t i o n  between 
+e 
~ r "  and Ca , hecause o f  t h e i r  s i m i l a r i t y  i n  chemical and p h y s i c a l  
p r o p e r t i e s ,  t h e  e f f e c t s  of  t h e  l a t t e r  mechanism may be i n s i g n i f i c a n t  com- 
pared t o  t h a t  o f  t h e  covering-up, I n  t h i s  ca se ,  t h e  covering-up and 
++ + + C t r app ing  o f  Ca ions  on c l a y  minera l s  by MOB,  be fo re  S r  a d d i t i o n  may 
++ 
r e s u l t  i n  a  h igher  Ca concen t r a t i on  i n  t h e  exchanger phase t han  i t s  
+ 
equi l ib r ium va lue  i n  t h e  absence o f  MOB, . On t h e  o t h e r  hand, i n  t h e  
++ + 
ease  o f  SF -Ma , t h e  e f f e c t  on t h e  s e l e c t i v i t y  o f  c l a y  mine ra l s  due t o  
+ t h e  presence o f  MOB, i ons  may have been t h e  dominating f a c t o r ;  t h e r e f o r e ,  
t h e  r e s u l t s  show t h e  i nc rease  i n  t h e  s e l e c t i v i t y  o f  t h e  c l a y  minera l  f o r  
+ srC* i n  t h e  presence of  MOB. A s  w i l l  be d i scussed  i n  t h e  next  s e c t i o n ,  
t h e  presence of  o rganic  compounds on t h e  exchanger g e n e r a l l y  i n c r e a s e s  
t h e  s e l e c t i v i t y  of  t h e  c l a y  minera l s ,  
5 ,2 ,2 ,  Adsorption of  Amine Compounds and E f f e c t s  on t h e  Clay 
Ion-Exchange P r o p e r t i e s  
It has  been shown t h a t  when c e r t a i n  o rgan ic  compounds a r e  
adsorbed on c l a y  minera l  s u r f a c e s ,  it changes t h e  swel l ing  and d i s p e r s i o n  
p r o p e r t i e s  of t h e  c l a y  minera%s, Jordan (31' has i n v e s t i g a t e d  t h i s  m a t t e r  
i n  g r e a t  d e t a i l ,  H i s  d a t a  show t h a t  when a l i p h a t i c  amine compounds a r e  
adsorbed ow montmori l loni te ,  t h e i r  s u r f a c e  p r o p e r t i e s  changed from hydro- 
p h i l i c  t o  hydrophobic, The degree o f  t h e  change depends on t h e  s i z e  and 
concen t r a t i on  of t h e  adsorbed amine compounds, Jordan,  f o r  example, 
found t h a t  when dodecylamine covers  a l l  t h e  exchange s i t e s  o f  ben ton i t e  
i t s  g e l  vo%ume i n  water  changed from 1 5  m l  p e r  gram t o  1 m l  p e r  gram, 
I n  t h e  d i s cus s ion  o f  ion-exchange theo ry  i n  Sec t ion  2,3,  it was 
mentioned t h a t  t h e  s e l e c t i v e  p r o p e r t i e s  of a  c l a y  minera l  f o r  an i no r -  
gan i c  counter  i on  a r e  c l o s e l y  r e l a t e d  t o  t h e  hydra t ion  n a t u r e  of t h e  
c a t i o n ,  Thus, it is ev ident  t h a t  when a  hydrated i no rgan ic  c a t i o n  comes 
i n  con tac t  with t h e  c l a y  s u r f a c e s  which have been changed t o  hydrophobic 
by t h e  o rgan ic  adsorp t ion ,  t h e  s e l e c t i v i t y  o f  t h e  c l a y  minera l  w i l l  be 
d i f f e r e n t  from t h a t  o f  t h e  hyd roph i l i c  c l a y  minera l s ,  Glueckauf (42 1 has  
shown t h a t  t h e  sequence of decreas ing  hydra t ion  number of t h e  d i v a l e n t  
+ + ++ ++ 
c a t i o n s  is Be (7,O) > Mg (7,O) > Ca (5 ,2 )  > ~ r + +  (4.7)  4 ~ a + +  (2.0) ,  
which is  i n  t h e  same sequence a s  t h a t  of t h e  i nc reas ing  s e l e c t i v i t y  of 
t h e  c l a y  exchange media, It. is reasonable  t o  assume t h a t  t h e  d i f f e r ences  
i n  t h e  s e l e c t i v i t i e s  of  var ious  d i v a l e n t  c a t i o n s  w i l l  be increased  i f  t h e  
c l a y  exchanger su r f aces  a r e  t o  be coated with hydrophobic o rgan ic  com- 
pounds, 
I n v e s t i g a t i o n s  of  a l i p h a t i c  amine adso rp t ion  and i t s  e f f e c t s  on 
t h e  c l a y  ion-exchange p r o p e r t i e s  were conducted us ing  methylamine and 
dodecylamine, The va r ious  experiments with t h e s e  amines inc luded  t h e  
r e a c t i o n s  c a r r i e d  o u t  t o  determine (19 t h e  equivalence of t h e  exchange 
++ between t h e  amines and S r  , ( 2 )  t h e  r e l a t i v e  s e l e c t i v i t i e s  of c l a y  min- 
e r a l s  f o r  t he se  amines wi th  r e s p e c t  t o  ~ r + '  i o n s 9  and (39 t h e  e f f e c t s  of 
t h e  adsorbed amines on t h e  s e l e c t i v i t i e s  o f  c l a y  minera l s  f o r  t h e  inor -  
++ ++ -F gan ic  counter  i o n s ,  S r  , Ca , and Na . The r e s u l t s  a r e  summarized i n  
Fig,  3 l  through Fig,  36, 
++ The equivalence of t h e  exchange between t h e  amines and t h e  S r  
++ i o n s  was examined by t h e  r e a c t i o n s  i n  which S r  i o n s  of Sr -c lay  minera l s  
were leached ou t  by t h e  adso rp t ion  of t h e s e  amines, The experimental  
-F + 
r e s u l t s  a r e  summarized i n  Fig,  31, i n  which t h e  S r  i ons  leached ou t  a r e  
p l o t t e d  a s  a  func t ion  of  t h e  amine adsorp t ion ,  A s  shown i n  F ig ,  31, f o r  
++ 
methylamine, a  s t r i c t  equivalence between t h e  adsorbed amine and t h e  S r  
++ i ons  leached o u t  was observed; however, i n  t h e  c a s e  of  dodecylamine S r  
leached ou t  was s l i g h t l y  l e s s  than  t h e  amine adso rp t ion ,  i n d i c a t i n g  t h e  
adso rp t ion  o f  dodeeylamine may involve non-ionic t ype  adso rp t ion  i n  addi-  
t i o n  t o  t h e  c a t i o n i c  adso rp t ion ,  The n a t u r e  of  t h e  equivalence of t h e  
+ + 
exchange between t h e  amine and S r  was independent o f  t h e  t ype  of c l a y  
minera l ,  The same r e s u l t s  were observed f o r  both montmori l loni te  and 
S l P i t e ,  
The equivalence of t h e  amine adso rp t ion  and t h e  counter  ion  
e l u t i o n  i n d i c a t e s  t h a t  t h e  adso rp t ion  of t h e s e  amines was p r i m a r i l y  ex- 
change adsorp t ion ,  I n  o r d e r  TO determine t h e  r e l a t i v e  s e l e c t i v i t y  of t h e  
++ 
c l a y  minera l s  f o r  t h e s e  amines with r e s p e c t  t o  S r  i ons ,  t h e  exchange 
-F + 
r e a c t i o n s  between S r  and t h e  amines were s t u d i e d  with both montmoril- 
l o n i t e  and i l l i t e ,  The r e s u l t s  a r e  summarized i n  F igs ,  32 through 36, 
En F igs ,  32 and 33 t h e  exchange adso rp t ion  of methylamine and dodecyl- 
arnine ow montmor i l lon i te  and i l l f t e  a r e  presen ted ,  The amounts of t h e  
adsorbed amines a r e  p l o t t e d  a s  a  funceion of  t o t a l  amine concen t r a t i on  i n  
t h e  presence o f  va r ious  counter  i ons ,  I n  Fig,  32, l i n e  "a1' r e p r e s e n t s  
auyuy6xy (a) 'auyme~d3apoa (q) 'auym~bqqa~ (e) 
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FIG. 36 EQUII-IBRIUM DISTRIBUTION OF COUNTER IONS IN 
A SYSTEM WITH sf++, DODECYLAMINE, AND 
MONTMORILLONITE. 
complete adsorp t ion  of  dodecylamine, A l l  o t h e r s  r e p r e s e n t  about 1 0  t o  
50% of  t h e  organic  adsorp t ions ,  Complete adsorp t ion  was no t  a t t a i n e d  f o r  
a r g i n i n e  o r  methylamine on e i t h e r  t h e  montmor i l lon i te  o r  t h e  i l l i t e ,  The 
adso rp t ion  d a t a  of methylamine and dodecylamine were a l s o  analyzed i n  
terms of  ion-exchange equi l ib r ium r e a c t i o n s  between t h e  o rgan ic  c a t i o n s  
and t h e  i no rgan ic  c a t i o n s ,  The r e s u l t s  of  t h e  exchange r e a c t i o n s  between 
methylamine and ~ a +  a r e  shown i n  Fig., 34, i n  which t h e  r a t i o s  of t h e  
c o u n t e r  i on  concent ra t ions  i n  t h e  exchanger phase a r e  p l o t t e d  a s  a  func- 
t i o n  of t h e  r a t i o s  i n  t h e  s o l u t i o n  phase. S i m i l a r l y  t h e  r e s u l t s  of t h e  
+ + 
exchange r e a c t i o n s  between S r  and t h e  organic  c a t i o n s  a r e  shown i n  
F igs ,  35 and 36, The r a t i o  of t h e  o r d i n a t e  t o  a b s c i s s a  va lues  i s  t h e  
mass-action equi l ib r ium cons t an t  without  t h e  a c t i v i t y  c o r r e c t i o n s ,  
Comparing F igs ,  34, 35, and 36, with t hose  of Sec t ion  4,4 
(F ig ,  5 through Fig,  121, it is ev iden t  t h a t  f o r  t h e  counter  i on  p a i r s  
involv ing  t h e  o rgan ic  c a t i o n s ,  t h e  mass-action equi l ib r ium express ion  is 
n o t  s a t i s f a c t o r y  f o r  de sc r ib ing  t h e  ion-exchange r e a c t i o n s ,  The va lue  of 
t h e  mass-action equi l ib r ium cons t an t s  depended on t h e  experimental  con- 
d i t i o n s ,  The equi l ib r ium cons t an t s  computed from t h e  d a t a  shown i n  
Figs ,  34 ,  35, and 36 a r e  summarized i n  Table 14,  A s  shown i n  Table 14., 
f o r  both methylamine and dodecylamine, t h e  s e l e c t i v i t y  of  c l a y  minera l s  
f o r  t h e  o rgan ic  c a t i o n s  decreased a s  more o f  t h e  o rgan ic  c a t i o n s  were 
adsorbed on t h e  c l a y  minera l s ,  which i n d i c a t e s  t h a t  t h e  a f f i n i t y  f o r  
o rganic  c a t i o n s  decreases  as more o f  t h e  o rgan ic  c a t i o n s  occupy t h e  ex- 
change si tes,  A s imilar  phenomenon has been observed i n  t h e  exchange 
r e a c t i o n s  involv ing  hydrogen ions  (Sec t ion  4 ,3 ) ,  A s  shown i n  Table 14 ,  
t h e  s e l e c t i v i t y  of c l a y  minera l s  was much h igher  f o r  a  l a r g e  o rgan ic  

c a t i o n ,  which probably r e s u l t e d  from t h e  f a c t  t h a t  i n  t h e  ca se  of a  l a r g e  
o rgan ic  c a t i o n  t h e  Van d e r  Waals f o r c e s  a r e  a l s o  involved i n  a d d i t i o n  t o  
t h e  coulombic fo rce ,  The s e l e c t i v i t y  of  c l a y  minera l s  f o r  dodecylamine i s  
s o  s t rong  t h a t  t h e  adsorp t ion  i s  p r a c t i c a l l y  i r r e v e r s i b l e ,  a s  it was a l s o  
i n  t h e  case  o f  methylene b lue ,  
In  o rde r  t o  examine t h e  e f f e c t s  of  t h e  adsorbed o rgan ic  c a t i o n s  
on t h e  s e l e c t i v e  p r o p e r t i e s  of  t h e  a v a i l a b l e  exchange s i t e s ,  ion-exchange 
++ ++ ++ + 
r e a c t i o n s  between t h e  counter  ion  p a i r s  S r  -Ca and S r  -Na were per-  
formed wi th  c l a y  minera l s  whose exchange s i t e s  were p a r t i a l l y  covered with 
organic  c a t i o n s ,  The r e s u l t s  a r e  shown i n  Figs ,  39, 38, 39, and 40, In  
+ + + + Pig,  3 7 ,  t h e  r e s u l t s  o f  t h e  exchange r e a c t i o n s  between S r  and Ca with 
montmori l loni te  whose exchange s i t e s  a r e  p a r t i a l l y  covered wi th  methyl- 
amine (0-22%) a r e  presen ted ,  In  F igs ,  38, 39, and 40, t h e  r e s u l t s  o f  t h e  
++ ++ ++ ++ 
exchange r e a c t i o n s  between t h e  counter  i on  p a i r s  S r  -Ca , S r  -Mg , 
++ + 
and S r  -Na i n  equi l ib r ium with montmori l loni te ,  whose exchange s i t e s  
a r e  p a r t i a l l y  covered with dodecylamine, a r e  presen ted ,  A s  shown i n  
Fig,  39, f o r  methylamine adsorp t ion ,  no s i g n i f i c a n t  e f f e c t s  on t h e  equf- 
l i b r ium cons t an t s  were observed, On t h e  o t h e r  hand, i n  t h e  case  of  
dodecylamine adso rp t ion ,  t h e  equi l ib r ium cons t an t s  increased  a s  more o f  
t h e  exchange s i t e s  were covered by dodecylamine, The e f f e c t s  of dodecyl- 
< 
amine a r e  g r e a t e r  f o r  t h e  counter  ion  p a i r  whose equi l ib r ium cons tan t  is 
++ + f u r t h e r  from u n i t y ;  t h a t  i s  t h e  e f f e c t s  a r e  much h igher  f o r  S r  -Na than  
++ ++ f o r  S r  -Ca This  is probably due t o  t h e  f a c t  t h a t  i n  t h e  case  of t h e  
++ ++ 
counter  ion  p a i r  Sr  -Ca , t h e  chemical and p h y s i c a l  p r o p e r t i e s  of t h e s e  
i ons  a r e  s o  s i m i l a r  t h a t  t h e  e f f e c t s  o f  t h e  organic  may have been about 
++ + t h e  same, In  t h e  case  o f  S r  -Na p a i r ,  however, t h e  e f f e c t s  a r e  much 
h igher  due t o  t h e  d i f f e r ences  i n  t h e i r  p r o p e r t i e s ,  
0 0 -4 
rn Sr =6x10-': rnca=5x10-*; Ca-Mont .=8.OxlO N 
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5 , 2 , 3 ,  Adsorption of Arginine and E f f e c t s  on t h e  Clay Ion-Exchange 
P r o p e r t i e s  
The adsorp t ion  of po lyca t ion i c  o rgan ic  compounds and i t s  
probable  e f f e c t s  on s o i l  ion-exchange p r o p e r t i e s  were d i scussed  i n  Sec- 
t i o n  2,6,2,2,  Arginine,  which i s  accepted a s  a n a t u r a l l y  occur r ing  amino 
a c i d ( 4 3 9 ,  was used t o  s tudy adso rp t ion  on c l a y  minera l s  and i t s  e f f e c t s  
on t h e  ion-exchange p r o p e r t i e s  of c l a y  minera l s ,  
The experiments were performed i n  a  s i m i l a r  manner t o  t hose  f o r  
++ 
t h e  amine eompounds, The equivalence o f  t h e  a r g i n i n e  adsorp t ion  and S r  
e l u t i o n  from Sr-clay minera l s  a r e  shown i n  F ig ,  31, and t h e  adsorp t ion  of 
a r g i n i n e  on montmori l loni te  and i l l i t e  i s  shown i n  Fig,  32 and Fig. 33, 
r e s p e c t i v e l y ,  The s e l e c t i v i t i e s  of  montmori l loni te  f o r  a r g i n i n e  with 
++ 
r e s p e c t  t o  S r  i o n s  a r e  shown i n  Fig,  35 (curve c )  and i n  Table 14, The 
e f f e c t s  of  t h e  adsorbed a r g i n i n e  on t h e  s o i l  ion-exchange p r o p e r t i e s  were 
++ ++ 
examined from t h e  exchange r e a c t i o n s  between t h e  c a t i o n  p a i r s  S r  -Ca 
++ + s~"-M~+', and S r  -Na i n  equi l ib r ium w i  t h  t h e  c l a y  minera l s  whose ex- 
change s i t e s  were p a p t i a l l y  covered w f ~ h  a r g i n i n e ,  The r e s u l t s  a r e  
summarized i n  P igs ,  41, 42, and 43, 
A s  shorn i n  P igso  41  and 42, t h e  e f f e c t s  were s i m i l a r  t o  t hose  
o f  methyiamine and dodecylamine, The degree o f  t h e  e f f e c t s  was much 
Lower than  with dodecylamine and s l i g h t l y  h ighe r  than  with methylamine, 
The e f f e c t  o f  a r g i n i n e  was about t h e  same f o r  both montmori l loni te  
(F ig ,  42) and i l l i t e  (P ig ,  431, which i n d i c a t e s  t h a t  t h e  change i n  t h e  
expanding p r o p e r t i e s  o f  t h e  c l a y  minera l s  a r e  no t  involved i n  t h e s e  
e f f e c t s ,  The e f f e c t  o f  a r g i n i n e  was probably due t o  t h e  same mechanism 
involved i n  t h e  e f f e c t  of  t h e  amine ccinpounds, I t  is  unce r t a in  whether 
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I 
t h e  b r idg ing  e f f e c t s  by t h e  adsorp t ion  o f  a r g i n i n e  on two f a c i n g  s u r f a c e s  
of t h e  b a s a l  p lanes  a c t u a l l y  occurred o r  no t ,  From t h e  i o n i z a t i o n  con- 
s t a n t s  o f  a r g i n i n e  (Table 3 1 ,  it seems t h a t  t h e  i o n i z a t i o n  of t h e  second 
amine group (pKa 2,17)  had no t  occurred,  and hence it i s  more probable  
t h a t  t h e  b r idg ing  e f f e c t s  had not  occur red ,  
5,2,4, Adsorption o f  Sucrose and E f f e c t s  on t h e  Clay Ion-Exchange 
P r o p e r t i e s  
Attempts t o  s tudy  t h e  e f f e c t s  o f  sucrose  on s o i l  ion- 
exchange p r o p e r t i e s  were unsuccess fu l ,  because r e g a r d l e s s  o f  t h e  concen- 
t r a t i o n  o f  suc rose ,  no adso rp t ion  was observed, Furthermore, t h e  presence 
o f  sucrose  i n  t h e  s o l u t i o n  phase had no e f f e c t  on t h e  ion-exchange equi-  
l i b r ium between va r ious  i no rgan ic  coun te r  i o n  p a i r s ,  The exchange 
++ ++ ++ + 
r e a c t i o n  between t h e  counter  i on  p a i r s  S r  -Ca , s~++-M~+' ,  and S r  -Na 
-3 i n  t h e  presence o f  sucrose  up t o  2  x  10 N i n  t h e  s o l u t i o n  phase had no 
e f f e c t  on t h e  d i s t r i b u t i o n  o f  t h e s e  c a t i o n s ,  
Summarizing t h e  experimental  f i n d i n g s  concerning o rgan ic  
adso rp t ion  and i t s  e f f e c t s  on c l a y  ion-exchange p r o p e r t i e s ,  it can be 
concluded t h a t  c e r t a i n  o ~ g a n i c  compounds a r e  q u i t e  capable  of reducing 
t h e  exchange c a p a c i t i e s  o f  c l a y s  and a l s o  a f f e c t  t h e i r  s e l e c t i v e  proper- 
t i e s ,  Adsorption o f  Barge o rgan ic  c a t i o n s  such a s  dodecylamine and 
methylene b lue  is an i r r e v e r s i b l e  r e a c t i o n ,  and hence t h e  adso rp t ion  of 
t h e s e  o rgan ic  molecuLes causes  r educ t ion  of t h e  exchange c a p a c i t i e s ,  On 
t h e  b a s i s  of  t h e  experimental  r e s u l t s  wi th  methylamine, a r g i n i n e ,  dodecyl- 
amine and methylene b lue ,  i t  is  ev iden t  t h a t  l a r g e r  o rgan ic  c a t i o n s  a r e  
more s t r o n g l y  adsorbed on c l a y  s u r f a c e s ,  i n d i c a t i n g  t h e  involvement of 
13 6 
Man d e r  Waals f o r c e s  between t h e  o rgan ic  cha in  and t h e  c l a y  su r f aces  i n  
a d d i t i o n  t o  t h e  coulombic f o r c e s ,  
The i n v e s t i g a t i o n s  of  t h e  e f f e c t s  o f  adsorbed o rgan ic  compounds 
on s o i l  ion-exchange p r o p e r t i e s  show t h a t  t h e  adso rp t ion  of l a r g e  o rgan ic  
molecules ,  such a s  dodecylamine and methylene b lue ,  do indeed a f f e c t  t h e  
ion-exchange p r o p e r t i e s  by covering-up t h e  exchange s i t e s  o r  by t h e  change 
of t h e  c l a y  minera l  s u r f a c e  from hydroph i l i c  t o  hydrophobic. The e f f e c t s  
o f  o rgan ic  adsorp t ion  depend on t h e  n a t u r e s ,  concen t r a t i ons ,  and s i z e s  of  
t h e  o rgan ic  compounds. The comparison of t h e  r e s u l t s  o f  metbylene b lue  
and dodecylamine i n d i c a t e s  t h a t  with methylene b lue ,  which is less hydropho- 
b i c ,  t h e  covering-up e f f e c t s  a r e  t h e  c o n t r o l l i n g  f a c t o r s ;  whereas i n  t h e  
ca se  o f  dodecylamine, even though it i s  a  sma l l e r  molecule,  t h e  e f f e c t  on 
t h e  s o i l s s  s e l e c t i v e  p r o p e r t i e s  is more s i g n i f i c a n t  due t o  t h e  hydrophobic 
p rope r ty  o f  dodecylamine, 
5 , 3 .  E f f e c t s  o f  Natura l  Organic Compounds on Ion-Exchange React ions of 
Clay Minerals 
The sources  of t h e  n a t u r a l  o rgan ic  compounds used i n  t h i s  
i n v e s t i g a t i o n  were d i scussed  i n  Sec t ion  3,1,2,2,  The e f f e c t s  of t h e s e  
n a t u r a l  o rgan ic  e x t r a c t s  on s o i l  ion-exchange r e a c t i o n s  were s t u d i e d  i n  a  
manner s i m i l a r  t o  t h a t  used with puTe o rgan ic  compounds, However, 
because an unknown composition and low concen t r a t i ons  were involved,  no 
a t t empt s  were made t o  analyze t h e s e  e x t r a c t s ,  The e f f e c t s  of  t h e s e  
e x t r a c t s  were examined i n  terms of  t h e  changes i n  t h e  d i s t r i b u t i o n  of 
srtt ions  on t h e  b a s i s  of  t h e  t o t a l  e x t r a c t s  added i n t o  t h e  system. 
The experimental  r e s u l t s  a r e  presen ted  i n  F igs ,  44 and 45, The 
r e s u l t s  show t h a t  t h e  presence of  t h e s e  e x t r a c t s  i n  t h e  system decreases  
Concentration Of Organic Extracts, mg / l  
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t h e  e f f e c t i v e  d i s t r i b u t i o n  c o e f f i c i e n t s  o f  S r  KdSro However, t h e  
degree o f  t h e  e f f e c t s  was much l e s s  than  f o r  t h e  pure o rgan ic  compounds 
++ 
used, I t  is  unce r t a in  what f a c t o r s  a f f e c t e d  t h e  S r  d i s t r i b u t i o n s ,  
Examination o f  t h e  e f f e c t s  on t h e  exchange r e a c t i o n s  between t h e  counter  
++ ++ ++ ++ i o n  p a i r s  S r  -Ca (F ig ,  45, curve a )  and S r  -Mg (F ig ,  45,  curve b )  
sugges t s  t h a t  t h e  e f f e c t s  may be due t o  weak seques t e r ing  agents .  
A s  po in ted  ou t  i n  Sec t ion  3 ,1 ,2 ,2 , ,  t h e  e x t r a c t s  used i n  t h i s  
i n v e s t i g a t i o n  r e p r e s e n t  on ly  a  small  f r a c t i o n  of  t h e  a c t u a l  c o n s t i t u e n t s  
o f  n a t u r a l  o rgan ic s  i n  t h e  s o i l  environment; and fur thermore,  because an 
i n e f f i c i e n t  e x t r a c t i o n  method was used, t h e  organic  compounds t h a t  may 
r e a d i l y  i n t e r a c t  wi th  s o i l  m a t e r i a l s  were l i k e l y  no t  included i n  t h e  
e x t r a c t s ,  I t  i s  q u i t e  probable  t h a t  t h e  e x t r a c t s  may conta in  sodium 
s a l t s  of  s h o r t  chain organic  a c i d s ,  
6 ,  SUMMARY AND CONCLUSIONS 
Various ion-exchange exp re s s ions  r e s u l t i n g  from d i f f e r e n t  forms 
o f  a c t i v i t y  c o r r e c t i o n s  have been sub jec t ed  t o  experimental  t e s t s  with 
montmori l loni te  and i l l i t e ,  The experimental  r e s u l t s  of t h e  exchange 
++ 
r e a c t i o n s  between S r  and s e v e r a l  i no rgan ic  c a t i o n s  i n d i c a t e  t h a t ,  ex- 
cep t  f o r  t h e  i on  p a i r s  involv ing  hydrogen i o n s ,  a l l  express ions ,  regard-  
l e s s  of t h e  d i f f e r e n c e s  i n  t h e i r  va lues ,  have about  t h e  same degree o f  
r e l i a b i l i t y  i n  producing t h e  cons t an t  va lues  of t h e  equi l ib r ium cons t an t s .  
On t h e  b a s i s  of t h e  experimental  f i n d i n g s ,  it i s  concluded t h a t  
t h e  mass-action equi l ib r ium express ion  without  t h e  a c t i v i t y  c o r r e c t i o n s  
has  t h e  advantage of  i t s  s i m p l i c i t y ,  whish a l lows  t h e  express ion  t o  be 
u s e f u l  i n  p r e d i c t i n g  t h e  equi l ib r ium r e a c t i o n s  of  more complicated systems, 
The constancy of t h e  equi l ib r ium cons t an t s  of montmor i l lon i te  
and i l l i t e  f o r  many ino rgan ic  counter  i on  p a i r s ,  exc lus ive  o f  hydrogen 
i o n s ,  i n d i c a t e s  t h a t  r e g a r d l e s s  of  t h e  d i f f e r e n c e s  i n  t h e i r  causes ,  t h e  
r e l a t i v e  s e l e c t i v i t y  o f  a l l  t h e  exchange s i t e s  i n  a  c l a y  minera l  remain 
cons t an t  over  a  wide range of  i on  concen t r a t i ons ,  The excep t iona l  
behavior  of hydrogen ions  is be l ieved  t o  be caused by t h e  f a c t  t h a t  t h e  
s e l e c t i v i t y  s f  each exchange s i te  f o r  hydrogen i o n s  depends on t h e  n a t u r e  
of each exchange s i t e  i n  a  c l a y  minera l ,  
I n t e r a c t i o n s  o f  water-soluble ,  chelate-forming,  o rgan ic  com- 
pounds with counter  i ons  and t h e i r  e f f e c t s  on ion-exchange r e a c t i o n s  were 
i n v e s t i g a t e d  us ing  c i t r a t e ,  t a r t r a t e ,  and EDTA, The experimental  r e s u l t s  
a r e  compared wi th  t h e  e f f e c t s  p r ed i c t ed  from t h e  mass-action law of  t h e  
ion  exchange r e a c t i o n s  and s t a b i l i t y  of t h e  che l a t ed  compound, I n  
gene ra l ,  t h e  experimental  r e s u l t s  a r e  i n  good agreement wi th  t h e  
quaLitatLve r u l e s  of  s o i l  s e l e c t i v i t i e s  and t h e  s t a b i l i t i e s  of  t h e  meta l  
c h e l a t e s ,  However, t h e  exac t  q u a n t i t a t i v e  p r e d i c t i o n  o f  t h e  ion-exchange 
equi l ib r ium i n  t h e  presence of a  s eques t e r ing  agent  was unsuccess fu l  due 
t o  t h e  f a c t  t h a t  c e r t a i n  assumptions and approximations necessary  f o r  t h e  
p r e d i c t i o n  were i n v a l i d ,  The p r e d i c t i o n  of t h e  ion-exchange equi l ib r ium 
i n  t h e  presence of  seques te r ing  agen t s  was complicated by t h e  f a c t  t h a t  
t h e  s t a b i l i t y  of  a  che l a t ed  compound depended on t h e  experimental  condi- 
t i o n ,  i n  a d d i t i o n  t o  t h e  f a c t  t h a t  t h e  s eques t e r ing  agents  a l s o  i n t e r a c t e d  
with t h e  s o i l  exchange media, 
++ The e f f e c t s  of s eques t e r ing  agents  on t h e  d i s t r i b u t i o n  S r  
i ons  depend on t h e  n a t u r e  and concen t r a t i on  of t h e  competing counter  i on  
++ presen t ,  and t h e  mob i l i t y  of  S r  ion  i n  s o i l  i s  i n v e r s e l y  p ropor t i ona l  
+ + ++ t o  ( 1  + =)lo I n  t h e  case  of t h e  counter  i o n s ,  Ca and Zn , which form 
++ 
more s t a b l e  c h e l a t e s  than  does S r  , t h e  presence of  t h e  s eques t e r ing  
++ 
agent  i n c r e a s e s  t h e  e f f e c t i v e  d i s t r i b u t i o n  c o e f f i c i e n t  o f  Sr  , and t h i s  
++ 
would decrease  t h e  r a t e  o f  migra t ion  of Sr  i n  t h e  s o i l ,  On t h e  o t h e r  
hand, when t h e  competing counter  i ons  a r e  M ~ + '  and ~ a + ,  which form less 
++ 
s t a b l e  e h e l a t e s  than  does S r  , t h e  presence of s eques t e r ing  agen t s  
9 9 decreases  t h e  e f f e c t i v e  d i s t r i b u t i o n  c o e f f i c i e n t  o f  S r  , and would 
++ i n c r e a s e  t h e  r a t e  of  migra t ion  of  S r  i n  t h e  s o i l ,  
It i s  no t  probable  t h a t  i n  a  n a t u r a l  s o i l  environment, t h e  
concen t r a t i ons  o f  n a t u r a l  s eques t e r ing  agents  a r e  s o  high a s  t o  y i e l d  
s i g n i f i c a n t  e f f e c t s  on t h e  d i s t r i b u t i o n  of r ad ionuc l ides  disposed i n t o  
t h e  environment, Even f o r  t h e  waste r e l e a s e d  from a  c e r t a i n  nuc l ea r  
f a c i l i t y  t h a t  may con ta in  cons iderab le  amounts of s eques t e r ing  agen t s ,  
t h e  presence o f  t h e s e  s eques t e r ing  agen t s  may even be b e n e f i c i a l  i n  
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of a  n a t u r a l  soil, t h e  e f f e c t s  of t h e  presence of  n a t u r a l l y  occur r ing  
opganie  compounds i n  t h e  exchange medium should be considered i n  t h e  
experimental  de te rmina t ion  o f  ion-exchange parameters  of t h e  medium, 
The experimental  r e s u l t s  show t h a t  t h e  adso rp t ion  of  c e r t a i n  
o rgan ic  compounds can a f f e c t  t h e  s o i l  exchange p r o p e r t i e s  e i t h e r  by 
covering-up t h e  exchange s i t e s  o r  by changing o f  a  hyd roph i l i c  c l a y  su r -  
f ace  t o  a  hydrophobic one, 
The r e s u l t s  of  methylene b lue  adso rp t ion  i n d i c a t e  t h a t  
methylene b lue  i o n s  a r e  capable  of  covering-up t h e  exchange s i t e s  o r  
t r app ing  smal l  inorganic  c a t i o n s  on t h e  c l a y  minera l  s u r f a c e s ,  The 
change o f  hyd roph i l i c  c l a y  s u r f a c e s  t o  hydrophobic s u r f a c e s  by dodecyl- 
amine adso rp t ion  inc reases  t h e  s e l e c t i v e  p r o p e r t i e s  of  t h e  c l a y  minera l s ,  
The e f f e c t s  of  t h e  adsorbed organic  compounds on t h e  s e l e c t i v e  p r o p e r t i e s  
sf c l a y  minera l s  depend on t h e  concen t r a t i ons  and s i z e s  o f  t h e  o rgan ic  
@ompoundso The e f f e c t s  i n c r e a s e  a s  t h e  s i z e  and concent ra r ion  of t h e  
o rgan ic  i nc rease ,  
The e f f e c t s  of  n a t u r a l  o rgan ic  compounds on s o i l  ion-exchange 
r e a c t i o n s  were s t u d i e d  with organis  e x t r a c t e d  from ground water  and 
s u r f a c e  s o i l  r n a t e ~ i a l s ,  The degree of  t h e  e f f e c t s  o f  These e x t r a c t s  is 
much less Than %hat  o f  p u m  organic  compounds, The experimental  r e s u l t s  
sugges t  t h a t  t h e  e f f e c t s  o f  t h e s e  e x t r a c t s  may have been due t o  t h e  
presence o f  va r ious  sodium s a l t s  of  s h o r t  cha in  o rgan ic  a c i d s  p re sen t  i n  
t h e  e x t r a c t s ,  
Consideping a l l  t h e  probable  e f f e c t s  of  va r ious  o rgan ic  eom- 
pounds on s o i l  ion-exchange r e a c t i o n s ,  it is apparen t  t h a t  f o r  t h e  
a c c u r a t e  s tudy  of t h e  d i s t r i b u t i o n  and t r a n s p o r t  of r ad ionuc l ides  disposed 
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APPENDIX - SYMBOLS USED 
Number of moles of counter  i ons  
A c t i v i t i e s  of  t h e  ca t i on  A and B i n  t h e  s o l u t i o n  phase 
A c t i v i t i e s  of  t h e  c a t i o n  A and B i n  t h e  exchanger phase 
A c t i v i t i e s  of  anion X i n  t h e  s o l u t i o n  and exchanger phases 
Cat i ons  
Molar concent ra t ions  o f  t h e  c a t i o n  A i n  t h e  s o l u t i o n  and 
exchanger phases (moles / l )  
Coe f f i c i en t  o f  Va r i a t i on  ( x 100) 
average 
R a d i o a c t i v i t i e s  (counter  p e r  minute) 
Cat ion Exchange Capac i t i e s  (m,eqo/lOO grams o r  e q o / l )  
Free energy change (Cal/mole) 
I o n i c  s t r e n g t h  (moles / l )  
D i s t r i b u t i o n  c o e f f i c i e n t s  of t h e  c a t i o n  A and B 
E f f e c t i ~ e  d i s t r i b u t i o n  c o e f f i c i e n t s  of  t h e  c a t i o n  A and B 
S e l e c t i v i t y  c o e f f i c i e n t s  of-  exchanger f o r  t h e  c a t i o n  A with 
r e s p e c t  t o  B 
Mass-action equi l ib r ium cons tan t  with a c t i v i t y  c o r r e c t i o n s  
E f f e c t i v e  equi l ib r ium cons t an t  
VansellowQs equi l ib r ium cons t an t  
Krishnamoorthy and O v e r s t r e e t n s  equi l ib r ium cons t an t  
Thermodynamic equi l ib r ium cons t an t s  
Normal concent ra t ion  of  t h e  c a t i o n  A and B i n  t h e  s o l u t i o n  
phase ( e q , P l )  
Normal concent ra t ion  of t h e  c a t i o n  A and B i n  t h e  exchanger 
phase g e q o / l )  
0 0 
m~ "B Normal concent ra t ion  o f  t h e  c a t i o n  A and B added t o  t h e  
system ( e q , / l )  
m Y Normal concent ra t ion  of t h e  o rgan ic  l i gand  yY- ( eq ,  / l )  
Y A ~  Y B  A c t i v i t y  c o e f f i c i e n t s  of t h e  c a t i o n  A and B i n  t h e  s o l u t i o n  phase 
- 
UA9 7, A c t i v i t y  c o e f f i c i e n t s  of t h e  c a t i o n  A and B i n  t h e  exchanger phase 
'AX Mean a c t i v i t y  c o e f f i c i e n t s  of  t h e  e l e c t r o l y t e  A X  i n  t h e  
s o l u t i o n  phase 
s o d ,  Standard dev ia t i ons  
- 
u p  ui Chemical p o t e n t i a l  of t h e  c a t i o n  I i n  t h e  s o l u t i o n  and 
exchanger phase (cal /mole)  
V ~ s  V~ P a r t i a l  molar volumes o f  t h e  c a t i o n  A and B ( l i t e r / m o l e )  
yy- Organic l i gands  
za ,  zb Valences of  t h e  c a t i o n  A and B 
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